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ABSTRACT
MANGANESE OXIDE BASED ELECTRODE MATERIALS FOR
AQUEOUS SODIUM-ION ELECTROCHEMICAL ENERGY STORAGE

by
Xiaoqiang Shan
University of New Hampshire, September 2018

Aqueous electrochemical energy storage (EES) has been investigated as a potential
alternative to commonly used non-aqueous lithium-ion batteries since it can achieve high
power performance, long cycle life and good safety. Manganese oxide based materials
using Na-ions as charge carriers for aqueous storage have been studied with the
advantages of low cost, high earth abundance, and environmental friendliness. However,
the applications of oxide materials in aqueous Na-ion storage are limited by low energy
density due to low specific capacity and the narrow potential window (~ 1.23 V). To
address these two issues, this research work have been focused on the design of
manganese oxide based materials, including the cobalt doped manganese oxides
nanoparticles/nanolayers hybrid materials and the manganese oxides nanoparticles with
a hydroxylated interphase on surface, with objectives of increasing specific storage
capacity and expanding the workable potential window to improve energy density for
xix

aqueous Na-ion storage. The research results show that an enhancement of specific
capacity as well as good rate performance can be achieved by using cobalt-manganese
oxides (Co-Mn-O) via doping cobalt into manganese oxide. Electro-kinetics and in-situ Xray diffraction (XRD) demonstrate that both larger capacitive and diffusion-limited redox
capacities compared with pure manganese oxides, and very distinct redox activity with
obvious crystalline structure change upon intercalation and de-intercalation of Na-ions.
On the other hand, bivalence layered Mn5O8 material with a hydroxylated interphase
shows stable electrochemical performance within a potential window of 2.5 V in half-cell
and 3.0 V in a symmetric full-cell without the significant generation of hydrogen and
oxygen gas in an aqueous electrolyte. Soft X-ray absorption spectroscopy (sXAS) and
computational modeling demonstrate a well-ordered hydroxylated interphase is formed
on the surface of Mn5O8 electrode during cycling which kinetically inhibits the gas
evolution reactions. In summary, our works on manganese oxide based electrode
materials show that Co-Mn-O electrode enhances the specific capacity and Mn5O8 with a
hydroxylated interphase electrode expands the potential window for aqueous Na-ion
storage, and therefore, provides new strategies for designing innovative electrode
materials for increasing the energy density in aqueous electrolyte comparable to that of
non-aqueous Li-ion batteries with better safety and lower cost.
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CHAPTER 1
INTRODUCTION
1.1 ENERGY STORAGE SYSTEMS

Figure 1.1 The schematic of energy storage for renewable resources in replace of fossil
fuels.
The increased consumption of fossil fuels and emission of greenhouse gas as well as
the demand of harvest and usage of greener energy. Alternative renewable energy and
power sources such as solar and wind have attracted more attention due to their
environmental friendliness and sustainability. However, these sustainable energies are
not always available when needed them since they depend on the weather and time at
their generation site. Therefore, energy storage systems are necessary and very
important for us in order to provide a constant supply of energy (Figure 1.1).[1] The
electrochemical energy storage technology is very promising for the applications such as
1

portable electronic devices, electric vehicles, large-scale electric grids and stationary
energy storage.

Figure 1.2 The working principles of (a) electrochemical capacitor, (b) battery and (c) fuel
cell.
Energy storage systems includes electrochemical capacitors, batteries and fuel cells.
Electrochemical capacitor (or supercapacitor) has the electron movement in external
circuit due to the adsorption/desorption of electrolyte ions at the electrode and electrolyte
interface, as well as the insertion/extraction of electrolyte ions at near surface of the
electrode (Figure 1.2 a). Battery provides the electrical energy via electrochemical cells
through a non-rechargeable (primary battery) or a rechargeable (secondary battery)
process.[2] A primary battery generates electrical energy during its discharge process until
the related electrochemical reaction is complete and then would be discarded, while the
secondary battery such as lithium-ion battery is becoming more popular due to the merit
of rechargeable property. As shown in Figure 1.2 b, a typical secondary battery contains
2

four components, including anode (negative electrode), electrolyte, separator, and
cathode (positive electrode). The cation such as lithium-ion flows from anode to cathode
through the electrolyte and separator during the discharging. And therefore, the anode
undergoes oxidation which releases electrons into external circuit, the cathode undergoes
reduction which gains electrons from external circuit, and the electrolyte provides the ionic
conductivity and the separator avoids electrical shorting between the positive and
negative electrodes. During charging, the movement of electrons and cations is opposite
to that of discharging. Fuel cell generates the electric energy by chemical conversion
reactions at the anode and cathode similar to that of battery, however, the redox active
materials such hydrogen at the anode and oxygen at the cathode are both delivered from
outside the cell (Figure 1.2 c).

Figure 1.3 Ragone plot with energy density (E) and power density (P) for energy storage
devices including electrochemical capacitors and batteries compared to conventional
capacitors and fuel cells.
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Specific energy, or energy density in gravimetric unit, defines the energy content in
weight (Wh kg-1) with runtime. Specific power, or power density in gravimetric unit, defines
rate capability in weight (W kg-1) with loading. Ragone plot compares the energy density
(E) and power density (P) of various energy storage and conversion devices. It is clear
that due to the low energy density of conventional capacitors and low power density of
fuel cells, electrochemical capacitors and batteries attract more attention since they have
moderated performance on both energy and power density (Figure 1.3). In addition,
though fuel cell has been developed gradually in order to replace the combustion engines
with higher thermodynamic efficiencies, the direct replacement of battery with fuel cell
may never be feasible as fuel cell exhibits higher cost and inferior power. Therefore, it is
important for us to increase the energy and power density of electrochemical capacitors
and batteries.

1.2 ELECTROCHEMICAL ENERGY STORAGE (EES)
1.2.1 NON-AQUEOUS ELECTROCHEMICAL ENERGY STORAGE
Rechargeable batteries, especially lithium-ion batteries with high energy density of
200-250 Wh kg-1, have wide applications in transportation and grid storage.[3] Nonaqueous lithium-ion battery is widely used compared with other EES systems such as
lead acid batteries systems and nickel-cadmium batteries systems since lead and
nickel/cadmium batteries cause severe environment pollution and safety risk. Therefore,
the Li-ion battery shows an expected market size about $ 56 billion at 2024 with a
compound annual growth rate (CAGR) about 10% (Figure 1.4). However, non-aqueous
lithium-ion batteries currently have issues of high cost, low power density and short
lifetime which is more stringent than energy density, particularly for grid applications.[4-6]
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More importantly, the issues of thermal runaway from reactions between electrode
materials and electrolyte, as well as the safety risk from using flammable organic
electrolyte greatly affect their future applications. Therefore, in order to satisfy the
increasing demand for energy storage, the investigation of aqueous Na-ion energy
storage is attractive.

Figure 1.4 (a) Revenue contributions from different energy storage chemistry in market
(source: Frost & Sullivan, 2009); (b) the global lithium-ion battery market size and forecast
(source: Variant Market Research).
1.2.2 AQUEOUS SODIUM-ION STORAGE AND THE WORKING MECHANISM
Aqueous-based EES devices using Na-ions as charge carriers , potentially become a
more sustainable technology with the advantages of high safety, low cost, high power
performance and long cycle life compared with non-aqueous lithium-ion batteries.[7] For
example, the safety issue from organic electrolyte is resolved since an aqueous
electrolyte used. Also, aqueous electrolyte has higher ionic conductivity than organic ones,
is more environmentally benign, and the cost of salts and solvents is low. In addition, for
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the large scale manufacturing of energy storage devices, aqueous storage can avoid the
strict environment for moisture control, and therefore, considerably lower the cost.[8]
Due to the limited lithium resources compared with sodium, the alternative use of
sodium-ion as charge carrier in aqueous energy storage is particularly attractive with low
cost. As shown in Table 1.1, Na and Li share similar redox potentials. However, sodium
resource shows much more abundance than lithium with nearly 1000 times greater in the
earth’s crust. Sodium resource such as its carbonates, the cost only about $150 ton-1
which is much lower that than of lithium (~ $5,000 ton-1).
Table 1.1 The physical, chemical properties and cost of sodium compared with lithium.
Categories

Lithium (Li)

Sodium (Na)

molecular weight

~ 7 g mol-1

~ 23 g mol-1

cation radius

0.7 Å

1.0 Å

E0 (vs. Li/Li+)

0V

- 0.3 V

capacity - metal

3829 mAh g-1

1165 mAh g-1

cost - carbonates

$5,000 ton-1

$150 ton-1

abundance in earth crust

0.002 %

2.36 %

The advantages from aqueous storage relative to the non-aqueous devices as well as
the much lower cost of sodium compared to the lithium, the aqueous sodium-ion storage
is very attractive as an alternative approach to current commercialized non-aqueous
lithium-ion batteries.[9]
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Figure 1.5 The working mechanism of aqueous sodium-ion storage (cathode NaMnO2,
anode NaTi2(PO4)3 and aqueous Na2SO4 electrolyte).
As shown in Figure 1.5, aqueous Na-ion storage follows the working principle similar
to that of non-aqueous Li-ion battery.[10] The ionic transport occurs for Na-ion in the
electrolyte in cell during the intercalation and de-intercalation of Na-ions in the electrode
materials which results in the redox reaction and therefore the electron flows in the
external circuit. The electrochemical redox reaction (oxidant + e-  reductant) can be
described at the equilibrium condition thermodynamically, which follows the Nernst
equation below:
𝐸 = 𝐸0 + (𝑅𝑇⁄𝐹 )ln([𝑂𝑥]⁄[𝑅𝑒𝑑])

Equation 1.1

where E0 is the electrochemical force for the reaction, R is the gas constant, T is the
absolute temperature, n is the number of electron transferred per mole of reactant (n=1),
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F is the Faraday constant, [Ox] and [Red] is the concentration of oxidant or reductant. In
addition to equilibrium voltage, the cell voltage is also determined by electrode
polarization or overpotential due to the kinetic limitation of the reaction. There are
activation polarization due to charge transfer reactions, as well as ohmic polarization and
concentration polarization.[2] The overpotential () is the voltage difference of between
the experimentally observed voltage and the open circuit voltage at equilibrium state,
which follows the Bulter-Volmer equation:
𝑖 = 𝑖0 (exp(𝐹⁄𝑅𝑇) − exp((1 − )𝐹⁄𝑅𝑇))

Equation 1.2

where i0 is the exchange current density and  is the transfer coefficient. And the
activation polarization follows Tafel equation:

 = 𝑎 − 𝑏 ∗ 𝑙𝑜𝑔(𝑖 ⁄𝑖0 )

Equation 1.3

Therefore, an electrochemical cell reaction can be clearly studied thermodynamically and
kinetically.

1.3 CHALLENGES

AND

APPROACHES

FOR

INCREASING

THE

ENERGY DENSITY
Though studies have been done on the electrode materials, the challenges still remain
for the aqueous Na-ion EES. The energy density of aqueous EES devices is limited by
the specific capacitance and also largely limited by the thermodynamic potential window
(~ 1.23 V). In addition, the insertion of Na-ion is more difficult than Li-ion due to a larger
ionic radius, and the deterioration of electrode materials often more severe upon the
insertion and extraction of Na-ions results in poor cycling stability.[11]
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1.3.1 ENHANCING THE SPECIFIC CAPACITY
In order to increase the energy density (E) in aqueous Na-ion storage which follows:
1

𝐸 = 2 𝐶𝑉 2

Equation 1.4

where C is the specific capacitance and V is the potential window, and therefore, it is
necessary to design electrode materials with high specific capacity and also with a large
workable potential window.
The redox activity of electrodes in water may not be as good as those working in nonaqueous systems which results in low specific capacity. Commonly, the strategy to
increase the specific capacity of energy storage materials like metal oxides,[12] is to use
electrodes with stable crystal structures occupied with large accommodation spacing for
Na-ions, desirable morphology (e.g. nanowires, nanotubes or nanosheets),[13] doped with
other elements (e.g. Ni, V, Co, Mo) and defect chemistry with different cation
distribution.[14] Manganese oxide materials are often used for energy storage,[15]
particularly in aqueous,[16] but typically have poor electrical conductivity. Therefore, one
approach to increase their electrical conductivity is to deposit manganese oxides on
porous structures with large surface area such as carbon, which functions as conductive
additive and also provides the pathways for ion diffusion into manganese oxides.
However, the addition of carbon substrates increases the overall volume of the electrode
and results in a smaller volumetric energy and power densities of the aqueous EES
devices. Another approach is doping manganese oxides with other transition metal
elements such as Co and Ni, to improve the electrical conductivity as well as the charge
storage capacity.[17]
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Doped manganese oxides based materials can be prepared by either calcination of
the mixture such as metal oxides and carbonate products at high temperature or wet
chemistry methods.[18,

19] [20, 21]

The improvement of specific capacity of manganese

oxides may be attributed to the increased conductivity due to the dopant, this leads to
decreased charge transfer resistance, also it is because the dopant itself can serve as a
redox active site for charge storage of charge carriers (Li or Na-ions). In addition, the
dopant can improve the structural stability of electrode material and therefore improve the
cycling performance of the electrode. For example, similar to earlier commercialized
layered LiCoO2 in 1992,[22] manganese oxides compounds such as layered LiMnO2 and
spinel LiMn2O4 are also attractive electrode materials due to the replacement of Co with
a much cheaper and less toxic Mn.[23] Besides Mn or Co single transition metal oxide
electrode, multi-transition metal electrode materials have been intensively studied. It has
been reported that the addition of Ni leads to increased energy density of Li(Ni0.5Mn0.5)O2
due to the high redox activity of Ni, but results in poor stability. However, the addition of
cobalt to Li-Ni-Mn-O electrode materials increases the structural stability. Therefore,
Li(Ni0.33Co0.33Mn0.33)O2, so-called NMC material, is widely used as a cathode material in
commercial batteries, which show a reversible specific capacity as high as 234 mAh g-1
and good cycle stability.[24] Therefore, the addition of Co or Ni elements into the layered
and spinel manganese oxides promises to develop advanced electrodes with high
specific capacity.
1.3.2 EXPANDING THE POTENTIAL WINDOW
Another important issue with aqueous EES devices is that the energy density of
aqueous devices is largely limited by the thermodynamic potential window (~ 1.23 V),

10

beyond which water decomposition reaction occurs. As shown in Figure 1.6, the dash
line indicates the water electrolysis potential generating hydrogen and oxygen at neutral
pH and the shade region is the workable potential range beyond which electrode may be
affected by the water splitting reaction. These electrode materials including oxides,
Prussian blue and polyanionic compounds show their redox potentials at different ranges,
therefore, it is necessary to design electrodes with redox potentials between potentials of
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) to avoid water
electrolysis.[8, 25]

Figure 1.6 Electrochemical stability of water at various pH and typical redox potentials
for various electrode materials. The shaded area is region for solution at neutron pH and
black bars and blue bars are the electrodes in non-aqueous and aqueous electrolytes.
Extensive efforts have been made to break through this limit on the potential window
in aqueous storage. Often there are approaches for using different electrolytes such as
adjusting the pH of the electrolyte to suppress HER and/or OER and developing new
electrolyte combined with benefits of solid-electrolyte interphase (SEI). For example, an
aqueous battery of 2.8 V was reported by using basic electrolyte in the anode
compartment (to decrease HER potential according to the Nernst equation) and acidic
11

electrolyte in the cathode compartment (to increase OER potential).[26] A Li-ion conductive
membrane was therefore needed to separate two compartments with a drastic pH
difference. Recently, Wang and Xu’s groups have reported an aqueous Li-ion battery with
a stable potential window of around 3.0 V by using a “water-in-salt” electrolyte, obtained
by dissolving lithium bis(trifluoromethane sulfonyl)imide at extremely high concentration
in water.[27,

28]

This novel electrolyte system introduces a desirable solid electrolyte

interphase (SEI) that enables an aqueous Li-ion full cell operation at 2.3 V for more than
1,000 cycles. The resulting aqueous Li-ion batteries have an impressive energy density
larger than 200 Wh kg-1, which possibly offers a pathway for enhancing the energy density
of aqueous energy storage. However, the aqueous electrolyte with high concentration Li
salts was still costly for large scale applications. Other approaches such as controlling the
overpotentials of hydrogen and oxygen gas evolution reactions for certain electrode
materials is another effective strategy. The electrodes are kinetically inert for water
electrolysis, and thus, can also push the potential window beyond 1.23 V. For example,
a Ni-Mn-O cathode has been developed that can suppress oxygen evolution reaction and
thus be operated within 1.4 V. Combined with commercial activated carbon as anode, an
asymmetric supercapacitor can deliver 2.4 V at neutron pH in aqueous electrolyte.[29]

1.4 ELECTROCHEMICAL TECHNIQUES AND STUDY FOR CHARGE
STORAGE MATERIALS
1.4.1 ELECTROCHEMICAL TECHNIQUES
To investigate the electrochemical performance and charge storage mechanism of the
electrode materials, we can apply electrochemical techniques such as cyclic voltammetry
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(CV) and galvanostatic charge/discharge methods or chronopotentiometry (CP) methods
(Figure 1.7).

Figure 1.7 Electrochemical techniques including cyclic voltammetry and galvanostatic
charge and discharge methods and the related charge storage formula during oxidation
and reduction reactions.
As showed Figure 1.7 a, CV is conducted with changing the potential of working
electrode and measuring the resulting current. The electrode potential (E) follows:
𝐸 = 𝐸0 + 𝑣𝑡

Equation 1.5

where E0 is the initial potential, v is the scan rate (V s-1) and t is the time in seconds. As
the potential cycles from negative to positive, it shows positive current from the oxidation
of an analyte. Correspondingly, the alkaline cations (A+) are removed from the electrode
material such as metal oxides during oxidation process. Similarly, the potential scans from
positive to negative, it shows negative current from the reduction process as the cations
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are inserted into the metal oxides. The transport-limited peak current including the anodic
or cathodic peak current follows the equation:
𝑖𝑝 = 2.69 ∗ 10−5 𝑛3/2 𝐴𝐷1/2 𝐶𝑣 1/2

Equation 1.6

where Ip is peak current (A), n is the number of electrons passed per analyte oxidized or
reduced, A is the electrode area (cm-2), D is the diffusion coefficient (cm2 d-1), v is the
scan rate (V s-1), C is the analyte concentration in bulk concentration (mol cm-3). On the
other hand, assuming reversible response, the peak separation between the anodic and
cathodic peak of the CVs which follows:
𝑅𝑇

𝐸𝑝 = 𝐸𝑝,𝑎𝑛𝑑𝑜𝑖𝑐 − 𝐸𝑝,𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐 = 2.3 𝑛𝐹 =

59
𝑛

𝑚𝑉

Equation 1.7

Therefore, through CV measurements, not only can we obtain the charge storage
capacity, but also the diffusion coefficient as well as the electron transfer number.
As shown in Figure 1.7 b, galvanostatic charge and discharge is conducted at a
constant current, and the potential is measured at each given time. As a positive constant
current is applied, the potential increases from a negative value to positive, which
indicates the oxidation reaction (charge process) with cation is removed from the
electrode. Inversely, the potential decreases negatively as a negative constant current is
used, and therefore, results in a reduction reaction (discharge process) with Na-ion is
inserted in the electrode. Similar to the CV technique, we can obtain the information on
charge storage capacity, as well as the phase transitions of electrode during charge and
discharge processes.
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Other electrochemical techniques such as electrochemical impedance spectroscopy
(EIS) and galvanostatic intermittent titration technique (GITT) are very useful
electrochemical methods.[30] By using EIS technique, we can measure the resistances in
energy storage devices including the charge transfer resistance for redox reactions within
the electrode and also the solution resistance in cell. By using the GITT technique, we
can measure the diffusion coefficient of Na-ion within the bulk electrode material. And
therefore, the electro-kinetics parameters of the electrochemical reactions and
thermodynamics properties can be revealed for the study of energy storage.
1.4.2 CHARGE STORAGE MECHANISMS

Figure 1.8 Typical charge storage process from different reaction mechanisms of
electrodes and cations, and the related CV and CP curves. Capacitive process with (a)
EDLC and (b) psuedocapacitors and (c, d, e) their CV and CP curves; diffusion-limited
redox process (f, g) and (h, i, j) their CV and CP curves.
By analyzing the CV and CP results, the charge storage ability and certain electrokinetic parameters can be obtained. Moreover, it is also important for us to understand
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charge storage mechanism depends on the different types of redox reactions related to
electrode materials and charge carrier of Na-ion (Figure 1.8).[31-33]
As shown Figure 1.8 a, b, electrical double-layer capacitive (EDLC) storage results
from the charge separation of ions at the electrode-electrolyte interface (non-Faradiac
process), while pseudocapacitance results from the adsorption and/or desorption of
charge carriers (Faradiac process) at the near electrode surface (pseudocapacitance), as
well as in the bulk electrode (intercalation pseudocapacitance). Electrode materials
involved with capacitive energy storage, including EDLC and/or pseudocapacitive storage,
do not exhibit a phase transition (Figure 1.8 c, d, e). A capacitive response shows an
almost rectangular CV curve and a linear voltage CP curve. However, diffusion-limited
redox process often can be observed when charge carriers are inserted into a layered
electrode or bulk structure (Figure 1.8 f, g), usually the resulting material is more batterylike. These materials with CV shows the distinct, intense and well-separated anodic
(oxidation) and cathodic (reduction) peaks during charge and discharge process. Also,
there are very obvious plateaus observed in the galvanostatic constant current charge
and discharge measurements (Figure 1.8 h, i, j).

1.5 MOTIVATION AND GOALS OF STUDY
The addition of cobalt atoms into manganese oxides materials is a very promising to
approach to enhance redox activity, and therefore increases the specific capacity. Few
studies have been reported to develop electrodes which show sluggish kinetics towards
HER and OER at the anode and cathode, respectively. An innovative manganese oxide
electrode, which is kinetically inert to HER and OER and can sustain a large potential
window in aqueous electrolyte, is therefore attractive. In this research, energy density of
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aqueous Na-ion EES can be significantly enhanced by increasing specific capacity of
electrode via doping of cobalt or by expanding potential window of electrode via the
introduction of the hydroxylated interphase, so that aqueous EES may become a
promising alternative to non-aqueous Li-ion batteries.
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CHAPTER 2
EXPERIMENTAL METHODS
2.1 SYNTHESIS OF ELECTRODE MATERIALS
2.1.1 SYNTHESIS OF Mn5O8 MATERIAL

Figure 2.1 The synthetic set-up and route for manganese oxides and cobalt-manganese
oxide materials.
Synthesis was conducted in a magnetically-stirred 50 mL reaction batch of 25.3 mmol
MnCl2·4H2O (Alfa Aesar, 99% metals basis) dissolved in 14 mL H2O (18.2 M; Millipore,
Inc.) at room temperature (25 C) under an open-air environment (Figure 2.1). A 20 mL
syringe was used to controllably inject a solution of 0.3 M NaOH (Alfa Aesar, 99.99%
metals basis) to the Mn-containing solution at a flow rate of 0.167 mL min-1 for 50 minutes
using a computer-controlled syringe pump (New Era Syringe Pumps, Inc.). The resulting
dark-brown precipitate was permitted to ripen for an additional 30 minutes at room
temperature with stirring. The product was then washed thoroughly with H2O and ethanol,

18

vacuum-dried and then heated at 270 °C for 2 hours in tube furnace in an open air
environment (Thermo scientific, Lindberg Blue/M).[34]
2.1.2 SYNTHESIS OF COBALT-MANGANESE OXIDES MATERIAL
Cobalt-manganese oxide nanomaterials were synthesized via a coprecipitation
method. MnCl2·4H2O (0.525 grams, Alfa Aesar, 99% metals basis) and Co(NO3)2·6H2O
(0.258 grams, Alfa Aesar, 99% metal basis) precursors were dissolved in deionized water
(156 mL, 18.2 M; Millipore, Inc.) at a 3:1 Mn2+ and Co2+ ratio shown in Figure 2.1. The
solution was then stirred for 30 min at room temperature under open air environment
before adding 8.35 mL KOH solution (Alfa Aesar, 99.98% metals basis) with a
concentration of 0.173 g mL-1 at an injection rate of 0.167 mL min-1 for 50 minutes using
a micro-syringe. The dark brown precipitate formed and the reaction continued for 30
minutes. The product was then collected and thoroughly washed by deionized H 2O and
then ethanol solution. The product was dried overnight under vacuum and was finally
thermally treated at 270 °C for 2 hours in an open-air environment. Similarly, we
synthesized other Co-Mn-O materials by using various molar ratios of Mn2+ and Co2+ such
as 95% to 5%, 75% to 25% (3:1), 50% to 50% and only using Co 2+ precursors. The
synthesis of manganese oxide (Mn3O4) was conducted by the same experimental
procedures except that only MnCl2∙4H2O metal precursor (0.7 g) was used.[35]

2.2 STRUCTURAL CHARACTERIZATIONS
2.2.1 ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDXS)
Energy dispersive X-ray spectroscopy (EDXS) was conducted by an Amray 3300FE
field emission SEM with a PGT Imix-PC microanalysis system. The incident beam excites
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the an inner shell electron creating an electron hole, and the outer shell electron fills the
hole generating characteristic X-rays due to the energy difference between the higher
and lower energy shell. The X-rays from emitting elements in the specimen can be
measured by an energy-dispersive spectrometer, and thus, the elemental composition is
determined (Figure 2.2). The samples of Mn5O8 and Co-Mn-O materials were loaded on
sticky carbon with a surface layer about 3 mm, and dried overnight before EDXS tests.
The elemental composition of the sample was analysed with 5 spots for each material on
the specimen. The EDXS measurements were conducted at the University
Instrumentation Center (UIC) at the University of New Hampshire (UNH).

Figure 2.2 The working principle of EDXS.

2.2.2 TRANSMISSION ELECTRON MICROSCOPY (TEM)
Regular transmission electron microscopy (TEM) images were collected on Zeiss/LEO
922 Omega TEM operated at 120 eV at UIC of UNH. The sample was measured with the
magnifications ranging from 10,000 to 50,000. Image acquisition was conducted using
Gatan Digital Micrograph and the analysis of particle size was performed using ImageJ
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software through analysing at least 100 particles. TEM uses the high energy electrons
that are scattered when the electron beam pass through the material specimen.
Depending on the different mode and electrons detected, we can get various information
(Figure 2.3). The transmitted electrons provide morphological information, elastic
scattering electrons provide high resolution TEM images and structural information with
electron diffraction pattern, and the inelastic scattering electrons offer the material
composition and even the bond states by using electron energy loss spectroscopy (EELS).
The high-resolution transmission electron microscopy (HRTEM) and high-angle
annular dark-field (HAADF) TEM were performed using aberration-corrected Hitachi HD
2700C equipped with a modified Gatan Enfina ER spectrometer at the Center for
Functional Nanomaterials at the Brookhaven National Laboratory.

Figure 2.3 Emitted electron signals from the interaction with materials.
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2.2.3 SYNCHROTRON X-RAY DIFFRACTION (XRD)
Synchrotron X-ray diffraction was conducted at 17-BM-B at the Advanced Photon
Source (APS) at the Argonne National Laboratory (ANL) with a wavelength of λ = 0.72768
Å. The rapid acquisition power diffraction experiments were performed using an area
detector Perkin Elmer a-Si Flat Panel PE1621. The energy range is 27 to 51 keV, and a
high resolution (E/E) is 1.5*10-4. As shown in Figure 2.4 a, synchrotron X-ray radiation
is generated as the charged particles such as electrons are accelerated in a circle orbit.
The beamline provides access to a monochromatic X-ray beam with an energy close to
51 keV. The high photon flux interacts with the sample, and the area detector measures
the resulting diffraction as well as the scattering radiation. The crystal material consists
of a periodic arrangement of the unit cell into a lattice, and has a single atom or atoms in
the fixed arrays (Figure 2.4 b). The incident X-rays strikes with the electrons of the atomic
shell, and afterwards, it produces the secondary elastic scattering X-rays with no change
of the wavelength and energy. These waves can be interfered constructively in a few
specific positions, and thus, the X-ray diffraction process occurs as the Bragg’s law is
satisfied. It is expressed as:
𝑛 = 2𝑑𝑠𝑖𝑛(𝜃)

Equation 2.1

where  is the wavelength of the X-ray, d is the inter-planar spacing, θ is the X-ray angle,
and n is an integer. GSAS-II software was used for crystallographic structure analysis
with Rietveld method and structural refinements, from which the phase composition, unit
cell lattice symmetry and parameters of manganese oxides materials with a high
crystallinity can be obtained.[36, 37]
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Figure 2.4 Synchrotron X-ray radiation interaction with samples and the working principle
of X-ray diffraction following Bragg’s Law.
2.2.4 X-RAY AND NEUTRON TOTAL SCATTERING MEASUREMENTS AND PAIR
DISTRIBUTION FUNCTION (PDF) ANALYSIS
The neutron total scattering experiments were conducted at the Nanoscale-Ordered
Materials Diffractometer (NOMAD) beamline at Spallation Neutron Source at Oak Ridge
National Laboratory, and X-ray total scattering measurements were conducted at the 11ID-B beamline at Advanced Photon Source at Argonne National Laboratory with an
energy up to 86.7 eV and resolution of 1*10-3. The atomic pair distribution function (PDF)
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technique using the X-ray and neutron total scattering with a wide range of momentum
transfer (Q, Q=4πsinθ/) allows us to study the compounds and materials without fully
periodic arrangement of atoms (e.g. nanocrystalline or highly disordered materials). As
shown in Figure 2.5, PDF shows the real-space arrangement of pairs of atoms, G(r), is
expressed as:
𝐺(𝑟) = 4𝜋[𝜌(𝑟) − 𝜌0 ]

Equation 2.2

where ρ0 is the averaged atomic number density, ρ(r) is the atomic pair density and r is
the radial distance. G(r) is the number of atoms at a distance r from a reference atom,
and thus, each atomic pair is separated by a certain distance.[38-40]
G(r) is related to an experimental X-ray or neutron pattern via Fourier transform, it is
expressed as:
𝑄

𝑚𝑎𝑥
𝐺(𝑟) = (2⁄𝜋) ∫𝑄=0
𝑄[𝑆(𝑄) − 1] sin(𝑄𝑟) 𝑑𝑄

Equation 2.3

where S(Q) is the total scattering structure function.
PDF with the G(r) function gives the probability of finding an atom at a distance “r” from a
given atom, and it provides averaged local structure information including the defect,
mismatch and disordered properties. For X-ray scattering, it provides sensitive structure
information for heavy-metal elements since X-ray scatters with the electrons of atoms.
However, certain elements such as Mn and Co have similar atomic numbers with similar
electron density of atoms, and therefore, X-ray scattering is a less sensitive tool to analyze
the materials containing both Mn and Co. In contrast, neutron PDF analysis is a more
useful tool for Co and Mn analysis, because neutron scattering of Mn and Co shows

24

different values and signs related to the different cross-sections. In addition, neutron
scattering is more sensitive to the light elements such as oxygen and hydrogen. The PDF
analysis was conducted using PDFgui software. The X-ray PDF was fit from 1 Å to 50 Å
with using a Qmax value of 23.5 Å-1 and the Neutron PDF was fit from 1.6 Å to 50 Å using
a Qmax value of 25 Å-1. Detailed structure information of manganese oxide nanomaterials
and Co-Mn-O materials can be obtained by X-ray and neutron total scattering PDF
analysis.

Figure 2.5 The schematic of pair distribution function (PDF) analysis obtained from X-ray
or neutron scattering.
2.2.5 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)
X-ray photoelectron spectroscopy (XPS) was measured on Axis HS XPS using a Mg
source (1253.6 eV) at a pressure of 10-9 torr with imaging down to a resolution of 30 µm
at UIC. All the XPS results were corrected with the standard carbon peaks at 284.8 eV.
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As shown in Figure 2.6 a, the incident X-rays excites the core-shell electrons into the
vacuum. The kinetic energy of ejected electron is measured which follows the equation:
𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐𝑠 + 𝜑)

Equation 2.4

where Ebinding is the electron binding energy, Ephoton is the energy of X-rays, Ekinetics is the
measured electron kinetic energy and is 𝜑 the working function. XPS technique was used
to identify the element composition and the surface valence of the materials. The XPS
analysis was conducted by using XPS peak41 software.

Figure 2.6 (a) the working principle of XPS and (b) the working principle of sXAS.
2.2.6 SOFT X-RAY ABSORPTION SPECTROSCOPY (SXAS)
Soft X-ray absorption spectroscopy was performed at Beamline 8.0.1 of the Advanced
Light Source (ALS) in Lawrence Berkeley National Laboratory (LBNL). sXAS is capable
of probing the chemical environment with a surface depth sensitivity, especially for the
investigation of light element oxygen. The samples were loaded in an ultra-high vacuum
chamber. Experiments were performed at room temperature, and the sXAS spectra were
collected simultaneously through total electron yield (TEY) mode with the probing depth
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around 10 nm. As shown in Figure 2.6 b, an incident beam with tunable photon excites
the core-electrons to the unoccupied states such as 3d for transition metal element Mn,
and the absorbed energy difference can provide more accurate valence information
compared with XPS.[41-43] In addition, soft XAS is more sensitive to the electronic structure
and state of light elements such as oxygen. The sXAS technique was used to detect the
hydroxylated interphase on the surface of manganese oxides and the valence of the
atoms of transition metal element manganese.

2.3 ELECTROCHEMICAL TESTS
2.3.1 CYCLIC VOLTAMMETRY (CV) MEASUREMENTS IN THREE ELECTRODE
HALF CELL
Cyclic voltammetry (CV) measurements were conducted in a three electrode half cell
using a CHI 660d single channel electrochemical workstation, which contained a glassy
carbon rotating disc working electrode (Pine Instrument Company), platinum wire counter
electrode and silver-silver chloride reference electrode (Figure 2.7). The ink of materials
was prepared by first grinding a mixture of 7 mg active material such as manganese oxide
or cobalt-manganese oxide together with carbon black (3mg, Alfa Aesar, 99.9%) followed
by dissolving the mixture into deionized H2O at a concentration of 0.5 mg mL-1. The
resulting suspension was subsequently sonicated until the active material and carbon
black were homogeneously dispersed, and 10 L suspension was taken by a pipette
(Eppendorf, Inc.) and drop-casted onto the surface of a glassy carbon disc electrode (0.5
cm in diameter and 0.196 cm2 in geometric surface area). After that, the working electrode
material was vacuum-dried with the loading of active material (3.5 g) and carbon black
(1.5 g). The surface of electrode material was covered with 10 L Nafion with a
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concentration of 0.5% in volume (Nafion 117, Aldrich) to avoid the possible material loss
during electrochemcial measurements.

Figure 2.7 The half-cell electrode suspension loaded on working electrode and the halfcell set-up for CV measurements.
The CV measurements were conducted in a 250 mL flat bottom flask containing 100
mL argon-purged Na2SO4 (Alfa, Aesar, 99.9955%) aqueous electrolyte (0.1 M) at a
rotating rate of 500 rpm. The CV data of Mn5O8 were obtained within an applied potential
window range from -1.7 to 0.8 V (vs MSE, Hg/Hg2SO4) from 1 mV s-1 to 1000 mV s-1 for
3 cycles, and CVs of Co-Mn-O material were obtained between -0.5 V and 1.1 V (vs
Ag/AgCl) from 1 mV s-1 to 200 mV s-1 for 3 cycles. The third cycle of CV was used for
calcualting the specific capacity.
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The half-cell mass specific capacitance CMS (F g-1) and electrode capacity Celectrode (mAh
g-1) were calculated with the third CV scan.
𝑡

𝑖

𝑖

Specific capacitance: 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = (𝑑𝑉⁄𝑑𝑡)∗𝑚 = ∫𝑡 𝐹 𝑉∗𝑚 𝑑𝑡
0

Specific capacity: 𝑄𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 =

𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 ∗𝑉

Equation 2.5

Equation 2.6

3.6

where i (A) is the measured current at certain time of t (s), m (g) is the mass of active
material loaded on working electrode, V (V) is potential window, t0 (s) and tF (s) are
respective times at the initial potential and the final potential.
2.3.2

GALVANOSTATIC

CHARGE

AND

DISCHARGE

MEASUREMENTS

IN

SYMMETRIC FULL CELL
Symmetric two electrode full cells were assembled and measured to characterize
energy, power performance and cycle life of the electrode materials (Figure 2.8). Each
electrode was drop-cast with about 5 mg active material such as manganese oxide and
cobalt-manganese oxide together with 1.25 mg carbon black on Toray carbon paper (ETek, 1.5 cm in diameter with a geometric surface area of 1.77 cm2). The electrodes were
weighed with an accurate mass loading of active material after vacuum-drying overnight.
Two symmetric electrodes were separated by cellulose-based filter paper (Whatman),
and 200 uL Na2SO4 aqueous solution (1 M) was used as the electrolyte. The stack of two
electrode and separators was tightened by stainless plate and compression spring to
ensure good electrical contact, and then assembled in a split test cell (model EQ-STC,
MTI, Corp.). Galvanostatic charge and discharge measurements of electrode were
conducted on the battery analyser (model B-TG, Arbin Instruments). The cycling
measurements of Mn5O8 were performed within 3.0 V potential window for 2000 cycles
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at charge/discharge current densities ranging from 0.5 to 50 A g-1. The cycling
measurements of Co-Mn-O were performed within 2.5 V potential window for 5000 cycles
at charge/discharge current densities of 2, 5, 10 and 20 A g-1.

Figure 2.8 The detailed cell components and assemblied symmetric full-cell for
galvanostatic charge and discharge cycling measurements.
The cell capacitance Ccell (F), cell mass-specific capacitance CMS (F g-1), electrode
specific capacitance Celectrode (F g-1), electrode specific capacity Qelectrode (mAh g-1),
specific energy EMS (Wh kg-1), specific power PMS (W kg-1) and coulombic efficiency (η)
and energy efficiency ( ) were calculated.
𝑖𝑡

Cell specific capacitance: 𝐶𝑐𝑒𝑙𝑙 = 𝑈

Equation 2.7
𝑖𝑡

𝑖𝑡

Cell mass-specific capacitance: 𝐶𝑀𝑆 = 𝑈∗𝑀 = 𝑈∗2𝑚
Electrode specific capacitance: 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = 4𝐶𝑐𝑒𝑙𝑙 =

𝑖𝑡

𝑖𝑡

Equation 2.8
2𝑖𝑡

Electrode specific capacity: 𝑄𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 = 3.6∗𝑀 = 3.6∗2𝑚

Specific energy: 𝐸𝑀𝑆 =

1
∗𝐶
𝑈2
2 𝑐𝑒𝑙𝑙

3.6∗𝑀

1
∗𝑖𝑡𝑈
2

1
∗𝑖𝑡𝑈
2

=3.6∗𝑀 = 3.6∗2𝑚
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𝑀
2

𝑈∗

2𝑖𝑡

= 𝑈∗𝑚

Equation 2.9

Equation 2.10

Equation 2.11

Specific power: 𝑃𝑀𝑆 =

3600∗𝐸𝑀𝑆

Coloumbic efficiency: η =

𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
𝑄𝑐ℎ𝑎𝑟𝑔𝑒

𝑉𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝐹)

Energy efficiency: γ =

Equation 2.12

𝑡

∫𝑉

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(0)
𝑉𝑐ℎ𝑎𝑟𝑔𝑒(𝐹)

∫𝑉

𝑐ℎ𝑎𝑟𝑔𝑒(0)

=

𝑖𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
𝑖𝑡𝑐ℎ𝑎𝑟𝑔𝑒

=

𝑡𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
𝑡𝑐ℎ𝑎𝑟𝑔𝑒

Equation 2.13

𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒) 𝑑𝑉

Eqaution 2.14
𝑄𝑐ℎ𝑎𝑟𝑔𝑒(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒) 𝑑𝑉

where i (A) is the applied constant current, t (s) is discharge time of the cell device, U (V)
is potential window, M (g) is the total mass of active materials on both electrodes and m
(g) is the mass of active materials on one electrode.
2.3.3 ELECTRO-KINETICS ANALYSIS OF CHARGE STORAGE
Electro-kinetics analysis of charge storage was conducted by analyzing the currentvoltage curves from CV measurements in half cell at the various scan rates.[44]
It is known that peak current (i) obeys a power relationship with respective to the scan
rate (v), leading to the following equations:
𝑖 = 𝑎𝑣 𝑏 , or log(𝑖) = log(𝑎) + 𝑏𝑙𝑜𝑔(𝑣)

Equation 2.15

where a and b are constants. When b equals to 0.5, the current from Na-ion storage is
dominated by diffusion-limited redox process, while as b equals to 1.0, it is dominated by
surface-controlled capacitive process.
Assuming that the current (i) obeys the power law relationship with scan rate (v) at a
given potential, and is expressed as a combination of surface-controlled capacitive Naion storage process and diffusion-controlled redox Na-ion storage process.
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The current contributed from surface-controlled capacitive process can be represented
by:
𝑖1 = 𝑘1 𝑣

Equation 2.16

where i is the current (A) and v is the scan rate (mV s-1).
While the current contributed from diffusion-limited redox process can be represented by:
𝑖2 = 𝑘2 𝑣 1/2

Equation 2.17

Therefore, the overall current can be represented by:
𝑖 = 𝑘1 𝑣 + 𝑘2 𝑣 1/2

Equation 2.18

After rearrangement, it can be written as:
𝑖

𝑣1/2 = 𝑘1 𝑣 1/2 + 𝑘2

Equation 2.19

By plotting i/ v½ vs. v½ curves at a given potential, k1 and k2 values can be determined,
and hence the current response per 0.1 V is calculated and plotted in CV and the
contribution of capacitive charge and diffusion-limited redox charge during the CV
measurements in half-cell can be analyzed quantitatively.
TAFEL analyses of gas evolution reactions HER and OER were conducted in half cell.
The TAFEL equation relates the HER and OER activities to their overpotential (η) and is
expressed as:
𝑖

𝜂 = 𝐴 × log (𝑖 )

Equation 2.20

0
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where i is experimentally observed current density, i0 is the exchange current density (the
equilibrium current density when η = 0) and A is the TAFEL slope. The TAFEL slope is
calculated from the liner region of TAFEL plots (η vs. log i/i0), typically in the overpotential
range from ~ 0.5 V to ~ 0.63 V.
2.3.4 CYCLIC VOLTAMMETRY (CV) MEASUREMENTS IN HALF CELL WITH IN-SITU
XRD CHARACTERIZATION
In-situ electrochemical measurements of Co-Mn-O material were conducted in a
home-made electrochemical cell containing thin film carbon paper as working electrode,
platinum stripe as counter electrode and micro silver-silver chloride electrode as
reference electrode. The suspension of cobalt-manganese oxide and carbon black
mixture was drop cast on the carbon paper and dried naturally in an open-air environment.
The final electrochemical cell was assembled and 1 M Na 2SO4 solution was used as an
electrolyte. The image of in-situ electrochemical cell measurements was shown in Figure
2.9. XRD characterizations of working electrode material were performed during CV
scans from -0.5 V to 1.1 V (vs Ag/AgCl) at a scan rate of 1 mV s-1 in 1 M Na2SO4 aqueous
electrolyte. GSAS-II software was used to analyse the change of crystalline structure with
the lattice parameters during the charge and discharge electrochemical processes.
Diffraction peaks of Co1.21Mn1.75O3.72 within 2 region (8°-32) during in-situ XRD
measurement were used for the GSAS-II sequential phase refinement except the
background peaks, and (001) basal diffraction peak of MnO 2 birnessite was analyzed by
GSAS-II sequential peak fitting.
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Figure 2.9 (a) The real image of in-situ XRD characterizations of electrochemical
measurements; (b) In-situ electrochemical measurements with CV scans of Co-Mn-O
materials during XRD characterizations.
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CHAPTER 3
ENHANCEMENT OF SPECIFIC CAPACITY OF MANGANESE
OXIDE VIA DOPING COBALT
3.1 INTRODUCTION
To enhance the energy density of manganese oxides for aqueous Na-ion batteries
and pseudocapacitors, one strategy is to increase the specific capacity of the electrode
by doping with redox active element such as cobalt and thus facilitating the redox process
for Na-ion charge storage. Cobalt-manganese oxide spinels (CoxMn3-xO4) store charge
carriers through an intercalation/deintercalation process,[45-47] and suffer from degradation
and eventually leads to impaired energy and power performance and cycle life during
cycling. Here, in this chapter, we use solution phase co-precipitation to synthesize a
cobalt-manganese oxide (Co-Mn-O) nanostructured electrode material. We employ
detailed structural and electro-kinetic analyses using X-ray and neutron total scattering,
in situ X-ray powder diffraction (XRD) and electrochemical half-cell and full-cell tests. We
discover Co-Mn-O electrode materials comprised of layered MnO2H2O birnessite and
(Co0.83Mn0.13Va0.04)tetra(Co0.38Mn1.62)octaO3.72 (tetra: tetrahedral sites; octa: octahedral sites;
Va: vacant site) tetragonal spinel. The former phase favors capacitive storage of Na-ions,
while the latter favors diffusion-limited redox storage process. Synergistic effect from
layered and spinel bi-phase leads to the superior specific storage capacity (121 mAh g-1
at a scan rate of 1 mV s-1 in half-cell), cycle life, rate performance (electrode capacity of
81 mAh g-1 after 5000 cycles at a current density of 2 A g-1 in full-cell), high coulombic
efficiency (100%) and a high energy efficiency (93%).
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3.2 STRUCTURAL CHARACTERIZATIONS OF Co-Mn-O MATERIAL
3.2.1 MORPHOLOGY AND STRUCTURE OF Co-Mn-O NANOMATERIAL

Figure 3.1 (a) TEM and (b) HAADF TEM images of Co-Mn-O material; (c) TEM image of
pure manganese oxide MnOx; EDXS characterizations of (d) Co-Mn-O and (e) MnOx; (f)
XRD patterns of other Co-Mn-O materials with various Co and Mn concentrations
compared to Mn5O8 and Co3O4.
TEM and high-angle annular dark-field (HAADF) TEM show that the synthesized
cobalt-manganese oxide (Co-Mn-O) nanomaterials have two distinct morphologies, one
is a faceted nanoparticle with an average size of 19 nm and the other is a nanosheet with
a dimension up to 100 nm (Figure 3.1 a, b, c). EDXS measurements show that the CoMn-O material has a chemical formula Co0.25Mn0.75Ox, nearly identical to the molar ratio
of manganese to cobalt precursors (Figure 3.1 d). In contrast, manganese oxide (MnOx)
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nanoparticle synthesized via a similar approach without the addition of Co precursors only
shows faceted nanoparticles (Figure 3.1 e, f), indicating that the interaction between Co
and Mn precursors drives the formation of Co-Mn-O material with two different
morphologies.

Figure 3.2 (a) XRD patterns of Co-Mn-O and MnOx materials with Mn3O4 standard (in
red); (b) Rietveld refinement of X-ray powder diffraction data Mn3O4 with oberved pattern
and calculated pattern were plotted by empty circles and red line, and the difference was
shown in grey and the background line was in orange; (c) lattice structure of Mn3O4
obtained by XRD fitting (cyan: Mn2+; magenta: Mn3+; red: O); (d) Rietveld refinement of
XRD pattern and X-ray total scattering PDF analysis of Co-Mn-O material.
The XRD patterns of Co-Mn-O and MnOx materials are depicted in Figure 3.2 a.
Rietveld refinement of the XRD pattern shows that MnOx is single phase Mn3O4 tetragonal
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spinel (Figure 3.2 b, c & Table 3.1). Structural analysis demonstrates that the Co-Mn-O
material consists of tetragonal spinel phase and layered birnessite phase (Figure 3.2 d,
e), consistent with the coexistence of particulate and sheet morphologies observed from
TEM (detailed discussion of structure analysis will be provided in next paragraph). The
diffraction peaks of the tetragonal spinel phase in the Co-Mn-O material all shift to higher
diffraction angles compared with those of Mn3O4, indicating the formation of CoxMn3-xO4
solid solution (Figure 3.2 a).[48, 49] XRD patterns of other Co-Mn-O materials with various
Co and Mn concentrations were compared to those of Mn 5O8 and Co3O4. As shown in
Figure 3.1 f, Co0.05Mn0.95Ox contains a large portion of Mn5O8 phase, and Co0.50Mn0.50Ox
contains a large portion of Co3O4 phase. However, Co0.25Mn0.75Ox material (Co-Mn-O)
majorly comprises of Co doped Mn3O4 spinel phase besides MnO2. Therefore, compared
to Mn3O4, Co0.25Mn0.75Ox material was chosen to study the doping effect of Co.
Table 3.1 Refined crystal structural parameters of Mn3O4 obtained by using Rietveld
refinement analyses of X-ray powder diffraction data with Rwp = 6.184%.
Atom

Type

x

y

z

Occ.

Site

Uiso

Mn1

Mn+2

0

0.250

0.375

1.00

4b

0.02

Mn2

Mn+3

0

0

0

1.00

8c

0.02

O1

O-2

0

0.528

0.237

1.00

16h

0.01

Space group: I 41/a m d
a=5.764 b=5.764 c=9.435 (Å) =90 =90 =90 () V=313.464 (Å3)
Note: the x, y, z and Site indicated the atom positions and atom numbers in the unit cell,
respectively. Occ. and Uiso represents the occupation and isotropic thermal parameters,
respectively.
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3.2.2 CATION DISTRIBUTION OF Co AND Mn IN BIPHASE Co-Mn-O VIA NEUTRON
PDF AND XPS ANALYSIS

Figure 3.3 (a) Neutron PDF analysis of the Co-Mn-O material; (b) Crystal lattice
structures of biphase Co-Mn-O obtained from PDF analysis with tetragonal spinel
Co1.21Mn1.75O3.72 (blue: Co; magenta: Mn; red: O; white: vacancy), and layered birnessite
K0.05MnO2·H2O (magenta: Mn; red: O; black: potassium; red: interlayer H2O).
The atomic structure of the Co-Mn-O material was further studied using neutron total
scattering and PDF analysis. The advantages of neutron PDF analysis compared with
conventional refinment of X-ray diffraction are two fold: first, Co and Mn are neighboring
elements, and therefore have similar electronic structures and atomic scattering factors
(the Fourier transform of the electron density of an atom) upon the interaction with X-ray.
On the other hand, neutron coherent scattering lengths of Co and Mn not only have
distinct values, but also opposite signs (Co = 2.49 × 10 -15 meters ; Mn = -3.73 × 10-15
meters). Therefore, neutron scattering is a better tool to analyze Co-Mn-O structure than
X-ray tools. Second, conventional Rietveld refinement of powder diffraction only involves
analysis of Bragg peaks and therefore obtain long-range order structural information.
However, total scattering (including both Bragg and diffusive scattering) using PDF can
provide average local structural information such as short-range order, local dislocations
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and defects, which often determines the performance of nanoscaled materials. In this
study, the location of Co and Mn element on the tetrahedral and octahedral sites that all
contribute to the unique chemical and physical properties of the nanosized materials, can
be revealed through the neutron PDF analysis, as shown in Figure 3.3 a, b. The neutron
PDF results show that the Co-Mn-O nanomaterials are comprised of 52 % weight percent
of the Co1.21Mn1.75O3.72 tetragonal spinel phase and 48 % monoclinic K0.05MnO2H2O
birnessite phase (Figure 3.3 a, Table 3.2). Table 3.1 and Table 3.2 show that the
Co1.21Mn1.75O3.72 spinel nanoparticles have much smaller lattice constants (a = b = 5.724
Å, c = 9.233 Å) than Mn3O4 nanoparticles (a = b = 5.764 Å, c = 9.435 Å), corresponding
to a 3.6 % smaller unit cell volume. This is due to the fact that Co has a smaller ionic
radius than Mn, as well as the decreased amount of Mn 3+ atoms in Co1.21Mn1.75O3.72
mitigate Jahn-Teller effect and thus attenuate the distortion of c axis of tetragonal spinel
structure. Moreover, the substitution of Co atoms into Mn3O4 lattice also generate
considerable amount of defect sites. The structural analysis points out that Mn 3O4
nanoparticles have nearly defect-free structure with an exact formula of Mn3O4, where
manganese and oxygen sites are fully occupied. In contrast, Co1.21Mn1.75O3.72, spinel
nanoparticles, expressed as (Co0.83Mn0.13Y0.04)tetra(Co0.38Mn1.62)octaO3.72, show noticeable
vacancies Y in the tetrahedral (Mn and Co) sites and anion sites (oxygen). It is important
to point it out that in Co1.21Mn1.75O3.72 nanoparticles overall 96% cationic defects locate in
tetrahedral site.
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Table 3.2 Refined crystal structural parameters of Co-Mn-O material with bi-phase of
Co1.21Mn1.75O3.72 and K0.05MnO2H2O obtained by fitting of neutron scattering PDF with
Rwp = 11.3 %.
Refined crystal structural parameters of Co1.21Mn1.75O3.72
Atom

Type

x

y

z

Occ.

Site

Uiso

Mn1

Mn+2

0

0.500

0.250

0.13(0.05)

4a

0.05(0.06)

Co1

Co+2

0

0.500

0.250

0.83(0.2)

4a

0.05(0.06)

Mn2

Mn+3

0.250

0.500

0.875

0.81(0.02)

8d

0.01(0.007)

Co2

Co+3

0.250

0.500

0.875

0.19(0.04)

8d

0.01(0.007)

O1

O-2

0.223(0.001)

0.223

0.632(0.002) 0.93(0.06)

16h

0.02(0.003)

Space group: I 41/a m d
a=5.724(0.002) b=5.724(0.002) c=9.233(0.008) (Å) =90 =90 =90 ()
V= 302.511 (Å3)
Phase composition (weight percentage): 52 %
Refined crystal structural parameters of K0.05MnO2·H2O
Atom

Type

x

y

z

Occ.

Site

Uiso

Mn1

Mn+4

0

0

0

1.00

2a

0.09(0.03)

O1

O-2

0.635(0.008)

0

0.853(0.003)

1.00

4i

0.03(0.008)

O2

O-2

0.251(0.02)

0

0.482(0.006) 0.40(0.05)

4i

0.03(0.06)

K1

K+1

0.251(0.02)

0

0.482(0.006)

0.025

4i

0.01(0.2)

O3

O-2

0

0

0.500

0.16(0.07)

2c

0.02(0.05)

Space group: C 2/m
a=4.819(0.02) b=2.845(0.006) c=7.279(0.04) (Å) =90 =97.947(0.4) =90 ()
V= 98.860 (Å3)
Phase composition (weight percentage): 48 %
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Note: Co1.21Mn1.75O3.72 can be expressed as (Co0.83Mn0.13Y0.04)tetra(Co0.38Mn1.62)octaO3.72,
where Y is the vacancies. The potassium amount in the unit cell is determined from EDXS
measurement. Particularly, the spinel phase has an oxygen occupancy with an absolute
value of 0.93 and the uncertainty value is about 0.06.
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Figure 3.4 XPS full spectra of (a) Co-Mn-O and (b) Mn3O4 material; Mn 2p spectra of (c)
Co-Mn-O and Mn3O4 material compared with commercial MnO2 and commercial Mn3O4
material; (d) O 1s spectra of Co-Mn-O and Mn3O4; (e) Co-2p spectra of Co-Mn-O
compared with home-made Co3O4.
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X-ray photoelectron spectroscopy (XPS) measurements were also conducted. The
existence of Mn2+, Mn3+, Co2+ and Co3+ species (from tetragonal Co1.21Mn1.75O3.72) and
Mn4+ species (from MnO2 birnessite) in Co-Mn-O materials is confirmed (Figure 3.4 a),
which corroborates the neutron PDF analysis. After carbon correction, we found the
signals of carbon, cobalt, manganese, oxygen and potassium from the XPS full spectrum
for Co-Mn-O material while only the signals of carbon, manganese and oxygen can be
found in Mn3O4 material (Figure 3.4 a, b). In Figure 3.4 c, Mn3O4, expressed as a formula
of MnO·Mn2O3, whose Mn 2p peaks are aligned well with those of the commercial Mn3O4,
indicating the surface valence for Mn are Mn2+ and Mn3+. However, Mn 2p of Co-Mn-O
material all shift to higher binding energy compared with Mn3O4, indicating certain amount
of Mn4+ species on the surface. For the O 1s spectrum in Figure 3.4 d, the binding
energies of lattice O2- for both Co-Mn-O and Mn3O4 material are 529.7 eV, and the
shoulder at around 531.3 eV may be attributed to OH groups or H 2O on the surface. For
the Co 2p spectrum in Figure 3.4 e, we can observe the Co 2p peaks of Co-Mn-O material
are aligned well with those of our home made cubic spinel Co3O4 (CoO·Co2O3), which
indicates the existence of Co2+ and Co3+ on the surface.
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Figure 3.5 The fitting of Mn 2p spectra of (a) Co-Mn-O and Mn3O4 material; (b) the fitting
of Co 2p spectrum of Co-Mn-O material.
Furthermore, through analysis of the Mn 2p spectrum and Co 2p spectrum, it shows
that the relative portion of Mn2+, Mn3+ and Mn4+ as well as the relative ratio of Co2+, Co3+
are close to the values calculated from neutron PDF results (Figure 3.5). For fitting of Mn
2p spectrum of Co-Mn-O material, the binding energies of Mn 2p3/2 for Mn2+, Mn3+ and
Mn4+ are 640.4 eV, 641.7 eV and 642.4 eV, respectively.[50-52] We confirm the existence
of Mn2+ and Mn3+ from Co1.21Mn1.75O3.72 spinel and the existence of Mn4+ from MnO2
birnessite, which collaborates with our structural analysis. The surface ratio of Mn4+/Mn3+
from XPS analysis is about 1.5, very close to the ratio of 1.2 calculated from neutron PDF
analysis, and Mn3+/Mn2+ ratio is 3.3, smaller than the calculated ratio of 12, indicating Co45

Mn-O material has more Mn2+ on the surface than bulk. For the fitting of Mn 2p spectrum
of Mn3O4 material, we only observe the existence of Mn2+ and Mn3+, and the ratio of
Mn3+/Mn2+ on surface Mn3O4 is about 2.2, very close to theoretical ratio of 2. To study the
valences of cobalt in Co-Mn-O material, we first identified Co 2p peaks as well as the
shake-up satellite peaks from Co 2p, and thus, confirmed the existence of Co2+ and Co3+
from spinel Co1.21Mn1.75O3.72.[53-55] Then we fitted the Co 2p spectrum of Co-Mn-O material
with the binding energies of the Co 2p3/2 for Co3+ as 779.5 eV and Co2+ as 780.1 eV, and
the Co 2p1/2 for Co3+ as 791.4 eV and Co2+ as 795.2 eV. The ratio of Co2+/Co3+ on the
Co-Mn-O surface from XPS analysis is about 1.8, close to the calculated ratio 2.9 from
neutron scattering PDF analysis.

3.3 ELECTROCHEMICAL MEASUREMENTS OF Co-Mn-O ELECTRODE

Figure 3.6 CVs of (a) the Co-Mn-O material and (b) Mn3O4 between -0.5 V and 1.1 V (vs
Ag/AgCl) at various scan rates from 1 mV s-1 to 200 mV s-1 in a 0.1 M Na2SO4 electrolyte
in half-cell; (c) Specific capacities of the Co-Mn-O and Mn3O4 materials as a function of
scan rate in the half-cell.
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Figure 3.6 shows CV curves of the bi-phase Co-Mn-O material obtained from threeelectrode half-cell measurements, from which reversible current-voltage curves with
distinct redox peaks are observed between -0.5 V to 1.1 V (vs. Ag/AgCl) at scan rates
ranging from 1 to 200 mV s-1. The Co-Mn-O material shows the right-hand shift of anodic
peaks of 0.125 V and the left-hand shift of cathodic peaks of 0.149 V when scan rates
were increased from 1 to 200 mV s-1, smaller than those of Mn3O4 (0.140 V for anodic
scans or 0.222 V for cathodic scans) (Figure 3.6 a, b). The decreased peak shifting
indicates that Co-Mn-O material requires a lower overpotential for ionic transport to
deliver the higher currents at faster scan rates, and therefore has a high-rate capability
for Na-ion storage compared with Mn3O4. In addition, the bi-phase Co-Mn-O material
exhibits a much stronger current density throughout the potential window from -0.5 V to
1.1 V (vs. Ag/AgCl) compared with Mn3O4, suggesting a higher specific charge storage
capacity for aqueous Na-ion storage. The specific capacities as a function of scan rate in
the half-cell were calculated and plotted in Figure 3.6 c, showing that the Co-Mn-O
material has a specific capacity of 121 mAh g-1 at a scan rate of 1 mV s-1 and also exhibits
a 30% increase in capacity at all scan rates tested compared with Mn3O4.
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Figure 3.7 Symmetric full-cell tests of Co-Mn-O (after 5000 galvanostatic charge and
discharge cycles unless specified otherwise) with (a) discharge electrode capacity at
current densities from 2 A g-1 to 10 A g-1; (b) electrode capacities as a function of cycle
number at the current densities from 2 A g-1 to 10 A g-1; (c) electrode capacity, coulombic
and energy efficiencies as a function of current density; and (d) Ragone plot with
gravimetric specific energy and power of the symmetric Co-Mn-O full-cell. Aqueous
(empty symbols) and non-aqueous (solid symbols) devices are reported, and the
gravimetric specific energy and power were calculated by the mass of electrode materials
except the Panasonic (17500) Li-ion batteries and Ness4600 C/C devices.
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Symmetric two-electrode full-cells were assembled to characterize the long-term
energy and power performance of the bi-phase Co-Mn-O material. Figure 3.7 a shows
the discharge electrode capacity of Co-Mn-O at various current densities ranging from 2
A g-1 to 10 A g-1. The discharge curves show an almost linear voltage profile as a function
of electrode capacity at all current densities tested without discernible phase change.
Figure 3.7 b shows the electrode capacities after 5000 cycles varied from 81 mAh g -1 to
57 mAh g-1 as the current densities were increased from 2 A g-1 to 10 A g-1, corresponding
to discharge time from 75 s (a C-rate of 48) to 10 s (a C-rate of 360). As current densities
were increased, the operating voltage of button-cell deceased due to the i-R drop as
shown in discharge curves in Figure 3.7 a, commonly attributed to overall resistance of
the button-cell and polarization of electrode material during the discharge process.[56, 57]
This also agrees well with our half-cell results shown in Figure 3.6 a, in which peak
separations in the CV curves increase with the scan rates. The results show that
polarization of electrode material increases with current densities namely larger
overpotential necessary to deliver Na-ion energy storage at higher rates. Therefore, at
higher rates the energy required to fully charge the electrode material is larger than the
energy for discharge. The bi-phase Co-Mn-O material not only exhibits high retentions of
capacity after 5000 galvanostatic charge-discharge cycles at current densities from 2 A
g-1 to 10 A g-1, but also has a nearly 100% coulombic efficiency and extremely high energy
efficiencies (from 93.4% to 85.4%), indicating a highly reversible charge/discharge
processes (Figure 3.7 c). After 5000 cycles discharge capacities remain linear with
respective to voltage at current densities varying from 2 A g-1 to 10 A g-1 (Figure 3.8 a, b,
c). Excellent linearity between potential and electrode capacity, high coulombic and
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energy efficiencies, and long cycle life observed in full-cell measurements strongly
suggest that Co-Mn-O material underwent highly reversible charge-discharge processes,
congruent with the results we obtained from half-cell measurements.
It is also important to point out that, at lower current densities of 2 A g -1 and 5 A g-1,
the Co-Mn-O electrode material has a relatively low discharge capacity at the initial cycles,
and then increases to a maximum capacity within the first 1000 cycles before showing a
steady capacity fade for the remaining 4,000 cycles. At higher current densities 10 A g -1,
the cells show a relatively similar trend, in which the electrode capacity increase steadily
during the initial cycling and remain plateaus after 1000 cycles. Very similar trends have
been reported in non-aqueous carbon nanofiber electrode in Na-S battery system,
Na0.67Ni1/6Co1/6Mn2/3O2 electrode in Na-ion battery system, and LiFe0.9P0.95O4-δ electrode
in Li-ion battery system.[58-60] Although the exact mechanism for this initial increase and
sequential decrease of capacity is still unclear, such prolonged-conditioning behaviours
have been attributed to the slow building-up of ionic interface between electrode and
membrane, from which initial cycling is needed for the electrode to reach its best
electrochemical condition. Such a mechanism has been supported by resistance of the
cell that showed the exact opposite trend of capacity changes.[58] It appears that that the
Co-Mn-O electrode may undergo a similar prolonged-conditioning process, which is also
reflected by the overall electrical resistance of the button-cell calculated by i-R drop during
the discharge process (Figure 3.8 d, e, f). Corresponding with the capacities-cycle
numbers profile, electrical resistance of the cells shows an opposite trend: it decreased
dramatically at the initial cycles, and became a nearly constant value for the rest of cycles.
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Figure 3.8 Galvanostatic charge-discharge measurements of Co-Mn-O material after
5000 cycles in symmetric full-cell at current densities of (a) 2 A g-1; (b) 5 A g-1 and (c) 10
A g-1; Electrode capacities and electrical resistances of Co-Mn-O material full-cells during
the charge and discharge process as functions of cycle number at current densities of (a)
2 A g-1, (b) 5 A g-1 and (c) 10 A g-1.
The gravimetric energy and power densities of the Co-Mn-O symmetric full-cells after
5000 cycles were plotted in Figure 3.7 d. As the current density increases from 2 A g-1 to
10 A g-1, Co-Mn-O material exhibits the specific energy from 25.3 Wh kg-1 to 17.7 Wh kg1

and the specific power from 1250 W kg-1 to 6250 W kg-1. The values obtained after 5000

cycles, are much higher than those of several commercial aqueous or non-aqueous
devices such as C/PbO2, Ness4600 C/C ultracapacitors and Panasonic (17500) Li-ion
battery (data reported in less than 5 cycles).[61, 62] The Co-Mn-O electrode material also
has much higher energy and power densities compared with aqueous graphene/MnO 2
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cell (up to 1000 cycles), graphene oxide/Co3O4 supported MnO2 capacitors or nonaqueous Co1.51Mn1.49O4/carbon fiber cell (up to 300 cycles).[63-65] Some non-aqueous Liion batteries such as MnO supported C/LiMn2O4 have high energy densities, however the
results were calculated only after 80 cycles.[66] Therefore, the bi-phase Co-Mn-O
electrode material has a very competitive electrochemical performance for aqueous Naion storage in terms of rate performance and cycle life.

3.4 ELECTROCHEMICAL ANALYSIS OF BIPHASE Co-Mn-O MATERIAL
3.4.1 ENHANCED DIFFUSION-LIMITED REDOX AND CAPACITIVE CAPACITIES OF
Co-Mn-O MATERIAL
To elucidate the structure-dependent electro-kinetics of Na-ion storage inside the CoMn-O nanomaterials, we first analyzed the current-voltage curves at various scan rates
obtained from CV measurements in the half-cell. Assuming that the current (i) obeys the
power law relationship with scan rate (v) at a given potential, and is expressed as a
combination of surface-controlled capacitive Na-ion storage process (i1=k1v) and
diffusion-controlled redox Na-ion storage process (i2=k2v½ ). Thus, the overall current can
be express as:
𝑖 = 𝑖1 + 𝑖2 = 𝑘1 𝑣 + 𝑘2 𝑣 1/2 or 𝑖 ⁄𝑣 1/2 = 𝑘1 𝑣 1/2 + 𝑘2

Equation 3.1

Here k1 and k2 can be determined by plotting i/v1/2 as a function of v1/2 at various scan
rates at a given potential. Therefore, the current attributed to diffusion-limited redox and
capacitive processes at each scan rate can be obtained, and the potential- and scan ratedependent charge storage mechanisms (e.g., capacitive or diffusion-controlled redox)
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during the CV scans can be deciphered (detailed calculations are provided in
experimental section).[44]

Figure 3.9 CV current responses of the Co-Mn-O material at the scan rates of (a) 5 mV
s-1 and (b) 200 mV s-1, the total current (black line) is obtained experimentally and the
diffusion-limited redox current (blue dot line with shadow) is calculated; (c) Diffusionlimited redox capacity and capacitive capacity contribution of the Co-Mn-O material and
Mn3O4 as a function of scan rate from 5 to 200 mV s-1 (diffusion-limited redox capacity
contribution is shadowed in blue).
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Figure 3.9 a, b show the typical CV curves of the Co-Mn-O material at scan rates of
5 and 200 mV s-1 respectively, where the distributions of diffusion-limited redox current
and capacitive current are calculated and plotted. The complete results of diffusion-limited
redox and capacitive contributions of Co-Mn-O and Mn3O4 from 5 mV s-1 to 200 mV s-1
can be found in Figure 3.10. It is clear that diffusion-limited redox contributions to the
overall charge storage decreased with the increasing scan rate: at low scan rate of 5 mV
s-1, diffusion-limited redox process contributed nearly 69% of the overall current, while
only remained 25% at high scan rate of 200 mV s-1. However, compared with Mn3O4 the
bi-phase Co-Mn-O material has both higher capacitive and diffusion-limited redox
capacities throughout the scan rates from 5 mV s-1 to 200 mV s-1 (Figure 3.7 c). The
enhanced capacitive contribution for Na-ion storage found in the Co-Mn-O material can
be attributed to its layered MnO2 component, where the large interlayer distance (~ 0.7
nm) facilitates the transport of Na-ion during charge and discharge processes. Similar
enhancement on capacitive energy storage has been reported for other layered structures
such as metal oxides (Nb2O5, V2O5 and MnO2), transition metal dichalcogenides (MnS2,
TiS2) and metal carbides.[12, 56, 67-71]
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Figure 3.10 Electro-kinetics studies of (a) Co-Mn-O material and (b) Mn3O4 in half-cell
measurements. CV responses of total current and calculated diffusion-limited redox
current at various scan rates from 5 mV s-1 to 200 mV s-1, the contribution ratio was
calculated and provided after integrating related CV curves.
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3.4.2 CATION DISORDER FACILITATES NA-ION TRANSPORT IN Co-Mn-O
ELECTRODE

Figure 3.11 (a) CVs of high-temperature (400 C) annealed Co-Mn-O material from -0.5
V to 1.1 V (vs.Ag/AgCl) at various scan rates from 5 mV s-1 to 200 mV s-1 in 0.1 M Na2SO4
electrolyte in half-cells; (b) Comparison of CVs of Co-Mn-O and high-temperature (400 °C)
annealed Co-Mn-O at a scan rate of 50 mV s-1; (c) the calculated specific charge storage

56

capacities as a function of scan rates; (d) Comparison of neutron experimental results of
Co-Mn-O and high-temperature annealed (400 °C) Co-Mn-O materials, indicating higher
crystallinity of the Co-Mn-O_400 C material; (e) Neutron PDF analysis of Co-Mn-O_400
C material with detailed structural parameters in Table 3.3.
On the other hand, the enhanced diffusion-limited redox contribution found in Co-MnO can be attributed to the favored redox reaction in Co1.21Mn1.75O3.72 spinel component
compared with pure Mn3O4 spinel.[72] Moreover, the cation vacancies found in tetrahedral
transition metal sites (96% of disordered cation sites are located in tetrahedral site)
certainly facilitates Na-ion transport and improves the charge storage capacity of the
electrode. Similar promotional effect of disorder of tetrahedral site on EES capacity and
rate performance has also been reported in cation-disordered Li1.2Mo0.47Cr0.3O2 electrode
materials reported by Ceder’s group.[73] They found that for Li-ion electrode materials the
basic diffusion pathway for octahedral lithium ion to diffuse from one site to another is
through the activated tetrahedral site. Therefore, modification of volume of tetrahedral site
has provided means to decrease the lithium diffusion barrier. Similarly, we believe that
the observed vacancy on tetrahedral site in Co1.21Mn1.75O3.72 spinel component favors
Na-ion transport within the electrode materials, and thus, promotes the current
contribution from diffusion-limited redox reaction. To further understand the effect of
cation disorder on electrochemical performance, the highly crystalline Co-Mn-O electrode
material without tetrahedral defects was prepared by treating the sample at a high
annealing temperature (400 °C). The resulting highly crystalline material expressed as
(Co0.91Mn0.08Va0.01)tetra(Co0.24Mn1.76)octaO3.84, evidenced by the neutron scattering,
showed much less cation vacancy in the tetrahedral sites. The highly crystalline Co-Mn57

O materials also showed much less distinct redox features from CV scans, and only
exhibited a specific charge storage capacity about 49 mAh g-1 at a scan rate of 5 mV s-1,
much lower than that of Co-Mn-O material with tetrahedral defects (96 mAh g-1) (Figure
3.11, Table 3.3). These phenomenon demonstrated that the cation disorder in tetrahedral
sites of Co1.21Mn1.75O3.72 facilitates the Na-ion transport in electrodes, and thus, promotes
the current contribution from diffusion-limited redox reaction.
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Table 3.3 Refined crystal structural parameters of Co-Mn-O (400 C) material with biphase of Co1.15Mn1.84O3.84 and K0.05MnO20.5H2O obtained by fitting of neutron
scattering PDF.
Refined crystal structural parameters of Co1.15Mn1.84O3.84
Atom

Type

x

y

z

Occ.

Site

Uiso

Mn1

Mn+2

0

0.500

0.250

0.08

4a

0.04

Co1

Co+2

0

0.500

0.250

0.91

4a

0.04

Mn2

Mn+3

0.250

0.500

0.875

0.88

8d

0.01

Co2

Co+3

0.250

0.500

0.875

0.12

8d

0.01

O1

O-2

0.225

0.500

0.632

0.96

16h

0.01

Space group: I 41/a m d
a=5.731 b=5.731 c=9.277 (Å) =90 =90 =90 () V= 304.650 (Å3)
Phase composition (weight percentage): 65 %

Refined crystal structural parameters of K0.05MnO20.5H2O
Atom

Type

x

y

z

Occ.

Site

Uiso

Mn1

Mn+4

0

0

0

1.00

2a

0.07

O1

O-2

0.632

0

0.854

1.00

4i

0.02

O2

O-2

0.264

0

0.483

0.22

4i

0.02

K1

K+1

0.264

0

0.483

0.025

4i

0.01

O3

O-2

0

0

0.500

0.07

2c

0.03

Space group: C 2/m
a=4.843 b=2.852 c=7.258 (Å) =90 =98.098 =90 () V= 99.270 (Å3)
Phase composition (weight percentage): 35 %
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3.5 IN-SITU XRD STUDY OF Co-Mn-O ELECTRODE DURING CV TEST

Figure 3.12 (a) In situ XRD patterns of Co-Mn-O material during two CV scans from -0.5
V to 1.1 V (vs Ag/AgCl) at a scan rate of 1 mV s -1 in 1 M Na2SO4 electrolyte in half-cell.
The diffraction peaks from background of carbon paper and/or kapton tape are marked
with solid dots. The (001) basal diffraction peak of layered MnO2 birnessite and diffraction
peaks of Co1.21Mn1.75O3.72 spinel are indexed; (b) Two cycles of CV scans of bi-phase CoMn-O material, showing the evolution of a and c lattice constants of Co1.21Mn1.75O3.72
spinel, and the variation of (001) interlayer distance of MnO2 birnessite.
To further confirm the contribution from layered MnO 2 phase and Co1.21 Mn1.75O3.72
spinel phase to the overall Na-ion storage mechanism, we have studied potentialdependent current and structural variations of bi-phase Co-Mn-O material using in situ
XRD

measurement

during

the

CV

measurements

using

a

three-electrode

electrochemical-cell at a scan rate of 1 mV s-1 (Figure 3.12 a). Diffraction peaks of
Co1.21Mn1.75O3.72 within 2 region (8°-32) for each XRD pattern and (001) basal
diffraction peak of MnO2 birnessite were analyzed by GSAS-II sequential peak and/or
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phase fitting. Evolution of the lattice parameters with applied potential for both
Co1.21Mn1.75O3.72 and MnO2 phases during the CVs are provided in Figure 3.12 b. When
potential was increased from -0.5 V to 1.1 V, the oxidation process occurred (extraction
of Na-ions from electrode), and the (321) and (224) diffraction peaks from
Co1.21Mn1.75O3.72 spinel phase shifted continuously to higher diffraction angles, and the
lattice constants (a and c) contracted by 0.12% and 0.35%, respectively. Figure 3.13
shows the changes of lattice constants (a and c), lattice distortion (c/a) and lattice volume
of Co1.21Mn1.75O3.72 spinel phase during the two consecutive charge/discharge cycles. It
is clearly seen that as result of lattice constant contraction the volume of unit cell
contracted 0.6 % (decreased from 305.4 to 303.7 Å3) during the anodic scan (oxidation
process). The contracted lattice constants and volume during the oxidation process can
be explained by a conversion from bivalent tetrahedral cation units ([MO 4]) into trivalent
octahedral cation units ([MO6]) during the removal of Na-ions from lattice, whereas the
smaller size of trivalent cations (Mn3+ and Co3+) compared with their bivalent counterparts
lead to smaller lattice parameters and therefore contracts unit cell volume. It is notable
that besides lattice constants and lattice volume, the lattice distortion characterized by
the ratio between two lattice constants (c/a) also showed relatively reversible changes
during the oxidation and reduction processes. It is possible that more defect sites could
be generated for the Na-ion storage during the charging and discharging process upon
the distortion of the lattice (note that only 4% of the tetrahedral sites are defect site).
More direct spectroscopic evidence of the defect distribution for the charged or
discharged electrodes will be necessary for the future study.
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Figure 3.12 The evolution of lattice constants (a and c), lattice distortion (c/a) and lattice
volume of Co1.21Mn1.75O3.72 spinel phase during two CV scans in half-cell (the arrow
indicated variation of cell volume during 2nd CV scan was larger than that during 1st CV
scan).
Agreeing well with the oxidation peaks at regions of R1 and R3 during oxidation
process, the c lattice parameter of Co1.21Mn1.75O3.72 clearly underwent more distinct
changes than that in R2 region. Interestingly, (001) basal reflection peak attributed to
layered MnO2 phase showed an opposite trend compared to Co 1.21Mn1.75O3.72 spinel. As
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potential was increased from -0.5 V to 1.1 V, (001) peak shifted to lower diffraction angles,
indicating the increase of interlayer distance between Mn-O octahedral layers from 7.09
to 7.21 Å. This is because positively charged Na-ions are extracted from interlayer during
the oxidation process, which results in a weakened electrostatic attraction between
negatively charged Mn-O layers and therefore increases the interplanar distance of MnO layer. Analogously, when potential decreased from 1.1 V to -0.5 V (reduction process),
the position of the diffraction peaks and the lattice parameters from Co 1.21Mn1.75O3.72
spinel and layered MnO2 were restored to those of the original state by the end of the
cycle. We found that, different from the oxidation process, only the a lattice parameter of
Co1.21Mn1.75O3.72 spinel showed more dramatic change associated with the reduction
peak within the region of R5 compared with that of R4. While for the layered MnO 2
structure, the (001) interlayered distance showed a continuous decrease with a constant
slope during the reduction process. Therefore, contraction and expansion of the unit cell
were observed during charging and discharge processes, indicating reversible crystalline
structural variations and thus distinct redox activity during electrode reaction. In situ XRD
measurements of bi-phase Co-Mn-O material, where reversible changes of interlayer
distance from birnessite phase and lattice constants from spinel phase were obseved,
demonstrated a reversible Na-ion storage occurred without the generation of new phase.
This result again suggest an insertion mechanism for the Na-ion storage reported in this
study.
Moreover, we have also found that current response of the 2 nd CV was enhanced
compared to that of 1st CV scan. Relative to the lattice structure of Co-Mn-O material, the
changes of lattice constants and cell volume of Co1.21Mn1.75O3.72 as well as the variations
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of d001 of layered MnO2 birnessite, all increased during 2nd CV compared to those of 1st
CV. These phenomena collaborates well with our full-cell results, where electrode
capacity increased during the initial cycling. It again suggests that the continuous increase
of the electrode performance at the beginning of the cycling was attributed to the improved
ionic transport during charge and discharge process.

Figure 3.13 (a) Mn 2p and (b) Co 2p XPS spectrum of bi-phase Co-Mn-O materials in
pristine, charged and discharged states; The fitting of Mn 2p spectrum of bi-phase CoMn-O materials in (a) pristine, (b) charged and (c) discharged states.
To further investigate the roles of the Mn and Co species for the redox reaction, we
have the conducted the ex situ XPS analysis for bi-phase Co-Mn-O materials at pristine,
charged and discharged states as shown in Figure 3.14 a, b. The XPS fitting results
shown in Figure 3.14 c, d, e, demonstrated that Mn shows a more distinct valence change
during charging and discharging process. Through analyzing Mn 2p data, a ratio of Mn4+:
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Mn3+: Mn2+ for the pristine materials was calculated to be 1.42:1.11:1. For the charged
materials, the ratio of Mn4+: Mn3+: Mn2+ was 2.06: 1.20: 1. The increased ratio of Mn 4+
during the charging process was due to the oxidation of layered MnO 2 phase and the
increased ratio of Mn3+ was due to the oxidation of the Mn2+ in the Co1.21Mn1.75O3.72 spinel.
Similarly, the ratio of Mn4+: Mn3+: Mn2+ was 1.06: 1.04: 1 for the discharged materials,
indicating the reduction of Mn4+ and Mn3+ in the bi-phase Co-Mn-O electrode during
discharge process.

3.6 DISCUSSION AND CONCLUSION
In summary, we have synthesized bi-phase Co-Mn-O nanomaterials, comprising of
layered MnO2H2O birnessite phase and (Co0.83Mn0.13Va0.04)tetra(Co0.38Mn1.62)octaO3.72
tetragonal spinel phase via a simple solution-based synthesis, followed by mild annealing
condition (270 C). The resulting nanostructured bi-phase electrode materials show
considerable capacity enhancement for aqueous Na-ion storage, from both diffusionlimited redox and capacitive contributions, compared with single-phase Mn3O4
counterpart. The bi-phase Co-Mn-O full-cells demonstrate a stable discharge electrode
capacity ~ 81 mAh g-1 up to 5000 cycles at a current density of 2 A g-1. Our detailed
structural and electrochemical analyses suggest that the cation disorder observed mainly
in tetrahedral site in Co1.21Mn1.75O3.72 spinel phase can facilitate the Na-ion intercalation
by providing a smooth Na-ion traffic pathway. Meanwhile, the MnO2 layered birnessite
with large interlayer distance provides superior ability to store Na-ions between Mn-O
octahedral layers, along with fast and reversible redox reactions at or near the electrode
surface. Therefore, the cobalt-manganese oxide nanomaterials for Na-ion storage not
only exhibits better storage capacity than Mn3O4, but also high-rate performance and
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cycle life compared with other cobalt-manganese oxide systems as previously reported.
Our results will contribute to the development of new type of manganese oxide-based
electrode for aqueous electrochemical energy storage.
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CHAPTER 4
EXPANSION OF POTENTIAL WINDOW OF MANGANESE
OXIDE VIA MODIFYING THE SURFACE WITH A
HYDROXYLATED INTERPHASE
4.1 INTRODUCTION
To enhance the energy density in aqueous electrochemical systems, besides
increasing the specific capacity by doping cobalt into the manganese oxides, another
strategy is to expand the working potential window for manganese oxides. However, the
thermodynamically stable potential window for aqueous EES has an intrinsic limit of 1.23
V, and the evolved gas from electrolyte decomposition also severely deteriorates the
electrode. A potential window of 1.23 V is too narrow for storage devices to achieve high
energy and power performance. Here, in this chapter, we will discuss a high-rate highvoltage aqueous Na-ion full cell system based on a novel surface hydroxylated Mn 5O8
electrode. As probed by synchrotron-based surface-sensitive soft X-ray spectroscopy, an
ice-like surface hydroxyl layer is formed after cycling. Density functional theory (DFT)
calculations show that the interplay between the hydroxylated interphase and the unique
bivalence (Mn2+2Mn4+3O8) layered structure suppresses the HER and OER with a stable
potential window of 3.0 V. The system exhibits a two-electron charge transfer via
Mn2+/Mn4+ redox couple, and provides facile pathway for Na-ion transport at high-rate.
The 3.0 V aqueous symmetric full cell exhibits a high energy density, 23 Wh kg-1 at a rate
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of 550 C, with nearly 100% coulombic efficiency and 85% energy efficiency after 25,000
charge-discharge cycles.

4.2 STRUCTURAL CHARACTERIZATIONS OF Mn5O8 NANOPARTICLES

Figure 4.1 (a) X-ray and (b) neutron PDF analyses of Mn5O8 nanoparticles. (c) Lattice
structure of Mn5O8 (purple: Mn4+; blue: Mn2+; red: O; white: probability of unoccupied site)
obtained from PDF fitting; (d) TEM and (e) STEM images of Mn 5O8 nanoparticles (inset
showed Mn5O8 lattice [Mn only] along <010> direction). Scale bars, 20 nm (d) and 1 nm
(e), respectively.
Mn5O8 is the only bivalent manganese oxide that has a layered structure. [74,

75]

Although Mn5O8 has abundant interlayer and intralayer defects for facile ionic transport,
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its capability for energy storage has rarely been reported. In this work, Mn 5O8
nanoparticles were synthesized by heating Mn3O4 nanoparticles at 270 °C for 2 hours in
the open air. X-ray and neutron pair distribution function (PDF) analyses, shown in Figure
4.1 a, b, point to the formation of monoclinic Mn5O8 (Table 4.1), which consists of twodimensional octahedral sheets of [Mn34+ O8] in the bc plane separated by Mn2+ layers,
giving a compositional formula of Mn2+2Mn4+3O8. Half of the Mn4+ sites in the main
octahedral sheets are not fully occupied, above and below these vacant sites are Mn2+
sites (Figure 4.1 c). Apart from the major component Mn5O8, a small amount of Mn3O4 is
present as seen in PDF analyses. Transmission electron microscopy (TEM) and scanning
TEM showed that Mn5O8 particles have an average size of 19 nm and possess a highly
crystalline monoclinic structure (Figure 4.1 d, e).
X-ray photoelectron spectroscopy (XPS) was used to analyze the surface of Mn 5O8
nanoparticles, where only manganese, oxygen, carbon and trace sodium signals can be
detected without other surface residuals from synthesis and processing (Figure 4.2).[76]
XPS data show that Mn2+ and Mn4+ valences in both 2p and 3s chemical states. The XPS
spectra are fitted to Mn 3s doublets, which are split by 5.7 eV (Mn 2+) and 4.5 eV (Mn4+),
respectively. The integrated intensity ratio of Mn2+ and Mn4+ is calculated to be around
1:2, close to that of theoretical value from Mn5O8 at near surface.
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Table 4.1 Crystal structural parameters of Mn5O8.

Refined parameters obtained from fitting of X-ray scattering PDF (Rwp: 14.88%)
Atom

Type

x

y

z

Occ.

Site

Uiso

Mn1

Mn+4

0

0

0.500

0.86

2c

0.01

Mn2

Mn+4

0

0.257

0

1.00

4g

0.01

Mn3

Mn+2

0.280

0

0.342

0.83

4i

0.01

O1

O-2

0.903

0.247

0.567

1.00

8j

0.17

O2

O-2

0.899

0

0.091

1.00

4i

0.01

O3

O-2

0.361

0

0.066

1.00

4i

0.09

Space group: C 2/m
a=10.409 b=5.726 c=4.877 (Å) =90 =109.720 =90 ()

Refined parameters obtained from fitting of neutron scattering PDF (Rwp: 13.08%)
Atom

Type

x

y

z

Occ.

Site

Uiso

Mn1

Mn+4

0

0

0.500

0.86

2c

0.03

Mn2

Mn+4

0

0.257

0

1.00

4g

0.06

Mn3

Mn+2

0.247

0

0.349

0.83

4i

0.03

O1

O-2

0.895

0.230

0.580

1.00

8j

0.03

O2

O-2

0.874

0

0.052

0.07

4i

0.03

O3

O-2

0.407

0

0.120

1.00

4i

0.02

Space group: C 2/m
a=10.415 b=5.727 c=4.894 (Å) =90 =110.117 =90 ()
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Figure 4.2 (a) XPS survey spectrum, (b) Mn 2p, (c) Mn 3s and (d) O 1s chemical states
of Mn5O8 nanoparticles. (e) The fitting of Mn 3s spectra shows the Mn2+ and Mn4+ with an
integrated intensity ratio of 1:2.
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4.3 PHASE ANALYSIS OF MANGANESE OXIDES AT THE ELEVATED
TEMPERATURE FOR HIGH PURITY Mn5O8

Figure 4.3 (a) XRD patterns of manganese oxide materials obtained by annealing Mn 3O4
at various temperatures for 12 hours in the open air; (b) phase percentages and oxygen
ratios (by weight) of manganese oxides analysed by Rietveld XRD refinements with
oxygen ratios of pure phase of Mn3O4, Mn5O8, α-MnO2 or α-Mn2O3 indicated as dash lines
and relative crystal structures provided below; (c) XRD refinement of Mn5O8 nanoparticles
(Inset shows crystal structure, for the atoms, blue: Mn2+, purple: Mn4+, red: O, vacancy:
white).
We have conducted comprehensive studies of temperature-dependent phase
evolution of manganese oxides via X-ray diffraction (XRD) analyses. For the first time, we
are able to synthesize high purity Mn5O8 nanoparticles by the oxidation of Mn3O4 spinel
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in the open air at 300 C for 12 hours. Binary manganese oxide Mn5O8, expressed as
[Mn2+2][Mn4+3O82-], had a layered structure with inter-/intra-layer defects in Mn cationic
sites, while the synthesis of pure Mn5O8 phase is challenging due to its nature of
metastable property.
To synthesize high purity Mn5O8 nanoparticles, Mn3O4 spinel nanoparticles were first
synthesized at room temperature by a solution-phase method as we reported previously.
Mn3O4 nanoparticles were annealed for 12 hours in the open air at various temperatures,
ranging from 100 C to 700 C. The resulting manganese oxides were characterized by
X-ray Diffraction (XRD) measurements and the corresponding crystalline structures were
investigated by Rietveld refinement, which provides the fraction of crystalline phases and
oxygen content (Figure 4.3, Table 4.2, and Table 4.3). The detailed fitting analysis was
shown in Figure 4.4. Rietveld refinement showed that after 100 C treatment of Mn3O4,
the resulting materials remained the same spinel phase with an oxygen ratio of 27.95%.
As the annealing temperature increased to 200 C, large portion of Mn3O4 was converted
into Mn5O8 material with a weight percentage of 80.6%, possibly through a following
oxidation reaction:
5 Mn3O4 + 2 O2  3 Mn5O8

Equation 4.1

It has been pointed out that the above reaction formula (Equation 4.1) is also evident
by an increased oxygen ratio from 27.95 % to 31.02%. After being annealed at 300 C for
12 hours, nearly all the Mn3O4 nanoparticles were converted into high purity Mn5O8
material with a calculated 96.6 weight % of Mn5O8 nanoparticles. Meanwhile, the ratio of
oxygen was calculated to be ~ 31.63%, which was very close to that of completely pure
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Mn5O8 (31.76%). When the annealing temperature increased to 400 C, the resulting
manganese oxide showed a decreased value of oxygen ratio of 31.47%, and XRD
analysis pointed out a slightly decreased Mn5O8 phase percentage, accompanying with
an increased phase fraction of Mn3O4 and the generation of a trace portion of α-MnO2
phase (~ 1.5%). The decreased oxygen ratio and increased amount of Mn 3O4 was likely
attributed to the high temperature decomposing of Mn 5O8 through following reactions:
Mn5O8  5 Mn3O4 + 2 O2

Equation 4.2

Meanwhile, α-MnO2 tetragonal with a tunnel structure could probably result from a
disproportionation of Mn5O8 through following reaction:
Mn5O8  Mn3O4 + 2 α-MnO2

Equation 4.3

Since the disproportionation of Mn5O8 causes no change of oxygen content, the observed
slight decreased oxygen ratio (from 31.63% to 31.47% as temperature increased from
300 C to 400 C) clearly indicated both reactions (Equation 4.2, 4.3) occurred. When the
temperature increased to 500 C, phase fractions of α-MnO2 and Mn3O4 increased, while
oxygen ratio remained constant, strongly suggesting that disproportionation of Mn5O8
(Equation 4.3) was the dominant process. As the temperature further increased to 600 C
or higher, only highly crystalline α-Mn2O3 was observed. In conclusion, high purity Mn5O8
have been synthesized by annealing Mn3O4 spinel at a temperature of 300 C for 12 hours
at an open-air environment.

74

Table 4.2 Manganese oxides obtained by heating Mn3O4 nanoparticles at various
temperatures from 100 C to 700 C for 12 hours at open air environment with phase
percentage by weight calculated. (Note: Rwp and oxygen percentage by weight at each
temperature are also provided in the table; and the theoretical oxygen weight percentages
of Mn3O4, -Mn2O3, Mn5O8, -MnO2 are 27.95%, 30.38%, 31.76% and 36.78%,
respectively.)
Temperature
(C)
Room Temp
100
200
300
400
500
600
700

Rwp

Mn3O4

6.24%
7.22%
6.64%
8.44%
8.03%
9.96%
12.06%
9.28%

100%
100%
19.4%
3.4%
9.5%
14.0%

-Mn2O3

Mn5O8

-MnO2

80.6%
96.6%
89.0%
81.2%

1.5%
5.0%

100%
100%

Oxygen
(wt%)
27.95%
27.95%
31.02%
31.63%
31.47%
31.47%
30.38%
30.38%

Table 4.3 Refined crystal structural parameters of Mn5O8 obtained by using Rietveld
refinement analyses of X-ray powder diffraction data with Rwp = 9.08%.
Atom

Type

x

y

z

Occ.

Site

Uiso

Mn1

Mn+4

0

0

0.500

0.86

2c

0.03

Mn2

Mn+4

0

0.257

0

1.00

4g

0.06

Mn3

Mn+2

0.247

0

0.349

0.83

4i

0.03

O1

O-2

0.895

0.230

0.580

1.00

8j

0.03

O2

O-2

0.874

0

0.052

0.07

4i

0.03

O3

O-2

0.407

0

0.120

1.00

4i

0.02

Space group: C 2/m
a=10.415 b=5.727 c=4.894 (Å) =90 =110.117 =90 ()
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Figure 4.4 Rietveld refinements of XRD of manganese oxides obtained by annealing
Mn3O4 nanoparticles in the open air at various temperatures (room temperature ~ 25 C
named as made, 100 C, 200 C, 300 C, 400 C, 500 C, 600 C and 700 C) with more
detailed information provided in Table 4.2.
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Figure 4.5 TGA of Mn3O4 with the weigh variation of sample upon annealing in air. The
weight increase indicated with red dash rectangle, can be explained by the unstable state
of balance in the funance, which is resulted from the effect of air flow after the initial
temperature increases in each stage.
In addition to XRD analysis, we have conducted the thermo-gravimetric analysis (TGA)
to study the conversion of Mn3O4 to the Mn5O8 (Figure 4.5). Mn3O4 nanoparticle first
showed weight loss due to water desorption at temperature up to 200 C, and then
exhibited weight gain at around 300 C due to the oxidation of Mn3O4 into Mn5O8. No
distinct weight loss was observed at the temperature ranging from 400 C to 500 C. This
is because only very small portion of Mn5O8 decomposes into Mn3O4 and therefore only
cause very small variation of weight at this temperature range. Also, the thermal
decomposition of Mn5O8 into Mn3O4 and α-MnO2 (disproportionation of Mn5O8 as shown
in Equation 4.3) around 500 C will cause no change of the sample weight which is evident
by Equation 4.3. Finally, distinct weigh loss resulted from the phase change into α-Mn2O3
was observed when temperature exceeded 600 C. Overall, our TGA result with weight
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variation at various temperatures is well collaborated with our XRD analysis for the phase
changes of manganese oxides.

4.4 ELECTROCHEMICAL PERFORMANCE Mn5O8 ELECTRODE
4.4.1 ELECTROCHEMICAL MEASUREMENTS AND KINETICS ANALYSIS IN HALF
CELL

Figure 4.6 (a) CVs show a stable potential window of 2.5 V and large overpotential (η)
towards HER and OER; (b) Electro-kinetics study of CV at 500 mV s-1. The contributions
from capacitive process (blue) and diffusion-limited redox process (red) are shaded; (c)
Capacitive contribution to the total charge stored at various scan rates in Mn 5O8 and
Mn3O4 nanoparticles and bulk materials.
Figure 4.6 shows the cyclic voltammetry (CV) curves of the Mn5O8 based electrodes.
The Mn5O8 material was mixed with carbon black at mass ratio of 7:3. The CV
measurements were conducted using a three electrode half-cell using a 0.1M Na2SO4
electrolyte and a mercury sulfate electrode (MSE) as reference electrode. The CVs of
carbon black showed Mn5O8 material is the major contributor to the overall capacitance
(Figure 4.7 a, b). The Mn5O8 nanoparticles shows a wide potential window between -1.7
V (corresponding to overpotential of 0.64 V towards HER) and 0.8 V (corresponding to
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overpotential of 0.63 V towards OER), demonstrating the high resistance to gas evolution
reactions. To our knowledge, this is the first demonstration for a stable 2.5 V potential
window in an aqueous Na-ion half-cell. Moreover, the resistive capability of the Mn5O8
electrode towards HER and OER can also be demonstrated by analyzing the reaction
kinetics of HER and OER using TAFEL plots (Figure 4.7 c, d, e, f, g, h). The results show
that Mn5O8 has sluggish HER and OER kinetics, demonstrated by high TAFEL slopes at
various scan rates, compared with various commercial Mn 3O4 and Co3O4 nanopowders
(Figure 4.7 i, j).
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Figure 4.7 (a) The CVs of carbon black, and (b) calculated capacitance of carbon black
showing that the Mn5O8 materials contributed to the majority of the capacitance in the
mixture of Mn5O8 and carbon black; (c, d) Mn5O8 nanoparticles, and commercial (e, f)
Mn3O4, and (g, h) Co3O4 nanopowders; TAFEL slopes of (j) HER and (k) OER as function
of scan rates for Mn5O8 nanoparticles and commercial Mn3O4 and Co3O4 nanopowders.
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As shown in Figure 4.6 a, it shows nearly reversible current-voltage curves with
discernable redox peaks from 1 to 1000 mV s-1, suggesting mixed contributions from
pseudocapacitive and redox processes. There are noticeable peak shifts (blue arrows)
with scan rates and peak separation between anodic and cathodic scans. The peak
separation increases with scan rates but in a considerably less extent compared with
battery materials. The increased peak separation is typically attributed to a higher
overpotential that is required to transport the ions at faster rates. Therefore, the less
distinct peak separation here indicates that our system has the potential for high-power
capability with facile Na-ion transport.[56] Figure 4.6 c and Figure 4.8 compares the
capacitive contribution of Mn5O8 nanoparticles with Mn5O8 and Mn3O4 bulk materials, as
well as Mn3O4 nanoparticles that are similar in size (18 nm) to the Mn5O8 nanoparticles.
Mn3O4 is chosen since it has a bivalent structure (Mn2+Mn3+2O4) analogous to that of
Mn5O8 (Mn2+2Mn4+3O8). Figure 4.6 c shows that Mn5O8 nanoparticles has a greater
contribution from capacitive storage compared with other materials. The results suggest
that Mn5O8 nanoparticles behave as a pseudocapacitive material due to high ratio of
capacitive contribution for the charge stored, as well as its unique layered structure for
facile Na-ion transport.[44]
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Figure 4.8 Electro-kinetics studies of (a) Mn5O8 nanoparticles, (b) bulk Mn5O8, (c) Mn3O4
nanoparticles and (d) Mn3O4 bulk materials, showing the ratio between total current and
diffusion-limited redox current.
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4.4.2 ELECTROCHEMICAL MEASUREMENTS IN FULL CELL

Figure 4.9 Electrochemical full-cell measurement of Mn5O8. (a) Discharge capacity of
Mn5O8 electrode as a function of current density; (b) electrode capacity during charge and
discharge processes at 5 A g-1 (Inset: energy and coloumbic efficiencies from 5 to 50 A
g-1). (c) Electrode capacity as a function of cycle; (d) Electrode capacity and coloumbic
efficiencies as functions of cycle at 20 A g-1. (e) Gravimetric and (f) volumetric energy and
power densities of Mn5O8 cell compared with other aqueous (open symbols) and nonaqueous (solid symbols) devices. Figure 4.9 e is reported to the mass of electrode
materials except Panasonic (17500) Li-ion battery and Ness4600 C/C. Figure 4.9 f is
reported to the volume of whole device. A packaging factor of 0.4 was used for Mn 5O8
cell since its volumetric energy and power densities are calculated based on the volume
of electrode material.
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Symmetric full cells were assembled to evaluate the electrochemical performance of
Mn5O8. Each electrode was prepared by depositing Mn5O8 (5 mg) and carbon black (1.25
mg) on carbon paper current collector (1.77 cm 2), yielding a thickness of ~ 80 µm. With
1M Na2SO4 electrolyte, Mn5O8 cell displays a stable potential window of 3.0 V after 2,000
charge and discharge cycles, the largest stable potential window ever reported for an
aqueous storage device. Nearly linear potential-capacity curves, characteristic of a
pseudocapacitive response, are observed (Figure 4.9 a). When current densities
increase from 5 to 50 A g-1, discharge times evolve from ~ 42 s (corresponding to a rate
of 85.7 C) to 0.75 s (a rate of 4800 C), and electrode capacities change from 116 to 20
mAh g-1 accordingly. Figure 4.9 b shows charge and discharge potential-capacity curves
at various current densities (Figure 4.10 a, b, c, d). The discharge curve is lower than
charge curve, reflecting the charge and energy losses during cycling. Coloumbic and
energy efficiencies, the ratio of the amount of charge and energy that are taken from the
device versus the amount that was stored during each cycle, are shown in Figure 4.9 b
inset after 2,000 cycles. When current density increases from 5 to 50 A g -1, coloumbic
efficiency of Mn5O8 electrode remains nearly 100 %, and energy efficiency increases from
80 % to 97 %. Figure 4.9 c shows good cycling stability of Mn5O8 full cells at a 3.0 V
potential window from 5 to 50 A g-1. At 20 A g-1, the Mn5O8 cell shows excellent coloumbic
efficiency (~ 100%) and energy efficiency (~ 85 %), and a plausible electrode capacity of
61 mAh g-1 after 25,000 cycles (Figure 4.9 d). High coulombic and energy efficiencies,
good linearity between potential and electrode capacity, as well as superior cycling
stability, all suggest that Mn5O8 acts as a stable pseudocapacitive material at high-rate.
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Figure 4.10 Electrode capacities of Mn5O8 during galvanostatic charging and discharging
at current densities of (a) 5 A g-1, (b)10 A g-1, (c) 20 A g-1, and (d) 50 A g-1; Electrode
performance at low and high current densities with (e) electrode capacities as a function
of cycling number of Mn5O8 cells at current densities from 0.5 to 50 A g-1; (f) electrode
capacities at current densities from 0.5 to 50 A g-1 after 2,000 cycles; Galvanostatic
charge and discharge at low current density (g) 0.5 A g-1 and (h) 1 A g-1 (2nd cycle data)
Low-rate performance of Mn5O8 cell was also studied. At low current densities,
electrode capacity fades rapidly (Figure 4.10 e, f). This result indicates Mn5O8 acts closer
to a batteries-like electrode materials at low-rate, during which storage capacity is
contributed significantly from diffusion-limited redox process. This is confirmed by nonlinear voltage-capacity curves at low-rate, exhibiting voltage plateaus (Figure 4.10 g, h),
concurrent with the results obtained from CV measurements in half-cell showing that
diffusion-limited redox process contributed predominately to the overall charge stored at
low scan rates (Figure 4.6 c). The fact, that Mn5O8 electrode capacities show an optimal
performance at a current density of 5 A g-1 and fade dramatically at the low current
densities (e.g., 0.5 and 1 A g-1) in the prolonged-cycles, could also be attributed to a
parasitic reaction from either hydrogen or oxygen evolution occurring at low-rates. The
resulting gas evolution could deteriorate the Mn5O8 electrode and cause the loss of
capacity at prolonged cycles. It has also been pointed out that the electrode material
contains Mn3O4 impurity phase, which showed much stronger HER activity compared to
Mn5O8 under same conditions, as shown in TAFEL plots and slopes (Figure 4.7).
Therefore, Mn3O4 material within electrode could result in stronger evolution reactions
that deteriorate the Mn5O8 materials at low rates.
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Figure 4.11 Electrode capacities and electrical resistances of Mn 5O8 full cell calculated
from i-R drop during the discharge process as functions of cycle number at current
densities of (a) 0.5 A g-1, (b) 1 A g-1, (c) 5 A g-1, (d) 10 A g-1, (e) 20 A g-1 and (f) 50 A g-1.
Mn5O8 electrode materials show relatively low discharge capacities in the initial cycles,
and then the capacities continuously increase before showing steady fades for the rest of
the cycles.

Although similar behaviors have been reported in several electrode
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systems,[58-60] the exact mechanism of the capacity increase in the initial cycling is still
unclear. It has been suggested that initial cycling may help the electrode materials reach
their optimal condition by facilitating the ionic transport. [58] We believe our Mn5O8
electrode may undergo a similar prolonged-conditioning process during the initial cycling,
reflected by the overall electrical resistance of the button-cell as calculated by i-R drop
during the discharge processes. Our data show that the cell resistances decrease during
the initial cycles and eventually become relatively stable and then start to increase again
(Figure 4.11). Correspondingly, electrode capacities show nearly opposite trends
compared with cell resistances: the discharge capacities start to increase at initial cycles
in a continuous manor and then show a steady fading for the rest of cycles. We have also
pre-soaked the electrode materials in Na2SO4 electrolyte before cell assembling in order
to improve ionic transport at electrode and electrolyte interface. However, it shows that
electrode capacities appear very similar trends to those shown in Figure 4.9 c (Figure
4.10 d, e, Figure 4.12). The results indicate that Na-ions transport within Mn5O8 materials
during the initial cycling accounts for the large cell resistance.
Figure 4.9 e shows that Mn5O8 symmetric cells exhibit gravimetric energy and power
densities up to 40 Wh kg-1 and 17400 W kg-1; and even more impressively, exhibit
volumetric energy and power densities of ~ 13 Wh Litre-1 and 6,000 W Litre-1 (Figure 4.9
f). These values, obtained after 2000 cycles, are much higher than those of several
aqueous and even non-aqueous devices found in commercial products (less than 5
cycles) and recent literature in terms of gravimetric performance,[56, 62, 77-79] and volumetric
performance.[21, 80-83] Our Mn5O8 electrode materials show very competitive performance
for aqueous electrochemical energy storage especially at high rates as compared with
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other Mn-based electrode materials reported previously (Table 4.4). Further increasing
the energy density of the Mn5O8 electrode, especially at low rates, will be important to
develop high performance aqueous EES devices that could rival non-aqueous
counterparts.

Figure 4.12 Pre-soaked Mn5O8 full cell performance. Electrode capacities as a function
of cycle number for Mn5O8 cells at current densities from 0.5 to 50 A g-1. The electrode
materials are pre-soaked in the electrolyte before assembling.
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Table 4.4 Summarized electrochemical performance of various Mn based electrode
materials for aqueous electrochemical energy storage.
Anode

Cathode

Electrolyte

Crate

Mn5O8/Carbo
n Black
NaTi2(PO4)3

Mn5O8/Carbon
Black
NaMnO2

1 M Na2SO4

NaTi2(PO4)3
Graphene

Na0.44MnO2
MnO2/Graphe
ne
LiMn2O4

2M
CH3COONa
1 M Na2SO4
1 M Na2SO4

Activated
Carbon
TiO2
Activated
Carbon
Activated
Carbon
FeOx/Carbon
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Voltag
e
(V)
3.0

Electrode
Capacity
(mAh g-1)
106

1

1.3

132

[84]

3
7.4

1.3
2.0

103
68

[57]
[85]

0.5 M Li2SO4

9

1.8

110

[86]

10

2.0

135

[87]

Na0.44MnO2

3.5 M LiCl/
0.25 M Li2SO4
1 M Na2SO4

0.7

1.2

35

[88]

MnO2

0.1 M K2SO4

29

2.0

51

[89]

MnO2/Carbon

2.5 M Li2SO4

7.6

1.8

66

[90]

LiMn2O4

Ref.

Our
report

4.5 HYDROXYLATED INTERPHASE OF Mn5O8 VERIFIED BY SXAS
ANALYSIS
In order to elucidate the mechanisms of this high-voltage and high-rate performance
found in the Mn5O8 system, we provide synchrotron-based soft x-ray absorption
spectroscopy (sXAS) results with its inherent surface and elemental sensitivities.
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Figure 4.13 Scanning TEM of Mn5O8 nanoparticles (a) before and (b) after cycling, no
hydroxylated coating is discernable on surface after cycling. Scale bars, 5 nm (a, b); (c)
Neutron PDF of the Mn5O8 material soaked in D2O and the Mn5O8 cycled ex-situ in
Na2SO4 (light water). The PDFs showed little difference, notably both PDFs containing a
strong negative peak at ~0.98 Å. (d) Simulated PDFs of a single D2O and H2O molecule,
exhibiting the difference between water molecules with different isotopes of hydrogen.
Because the neutron scattering length of Deuterium is positive the O-D correlation is
positive, whereas the neutron scattering length of Hydrogen is negative the O-H
correlation is negative. Both the D-D and H-H correlations of both the light and heavy
water are positive. As the peak at ~0.98 Å in the PDF of both cycled and soaked Mn 5O8
data is strongly negative, the D2O substitution was unsuccessful, and is therefore the
signal is due to light water in the sample. (e) Models containing Mn5O8 + O-H species and
Mn5O8 + H2O molecule were fit to the data of the cycle Mn5O8. The model containing O91

H species was unable to fit the peak at ~1.5 Å, but the model with water was having the
H-H correlation that the Mn5O8 + O-H model lacks.
Firstly, probing the formation of interphase on the surface of Mn 5O8 is not trivial. As
most electrode-electrolyte interphases are amorphous, STEM fails to detect the
interphase layer (Figure 4.13 a, b). We also carried out neutron PDF analyses on the
Mn5O8 nanoparticles before and after cycling in Na2SO4 and D2O solution (Figure 4.13 c,
d, e). However, due to residuals of heavy water during the sample preparation and water
moisture from the air, our neutron PDF analysis were unable to identify any interphase
on surface of Mn5O8 materials. Fortunately, surface and elemental sensitivity could be
achieved by synchrotron-based soft x-ray spectroscopy through the electron-decay
channel.[91] In particular, it has been well established that the hydroxyl group could be
probed in water and organic molecules through oxygen K-edge sXAS, with two features
at ~ 535 and 537 eV from the unsaturated H-bonds, known as the “water pre-edge” and
“water main-peak” respectively.[92-95] Additionally, another post-edge hump above 540 eV
is from the saturated H-bonds, especially visible in ice.[93] Figure 4.14 a shows the O-K
sXAS results collected on the pristine and cycled Mn5O8 electrodes with a surface probe
depth of 10 nm. It is evident that, upon cycling, Mn5O8 electrode displays both the
fingerprinting water-features at the 535 eV and 537 eV. These features resemble exactly
the “pre-edge” and “main peak” from water. Therefore, the strong spectral lineshape
contrast between the pristine and the cycled electrode evidently indicates the formation
of hydroxylated species on the electrode surface upon cycling. Moreover, the O-K
features between 528 eV and 534 eV represents the spectroscopic excitations to the
hybridized state of O-2p and Mn-3d, which are split by the crystal field of the local Mn-O
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coordination geometry.[96] A clear loss of intensity on this hybridization feature is observed
after cycling. This intensity loss is further proof of the change of the Mn-O coordination
on the surface and is consistent with the formation of hydroxyl group that covers the
surface of the electrode.

Figure 4.14 sXAS analysis of surface hydroxylated Mn5O8; (a) O-K sXAS of Mn5O8
(pristine) and Mn5O8 electrode after two CV cycles between -1.7 V and 0.8 V. Features
below 534 eV are from the hybridization of Mn-3d and O-2p states. The 535 and 537 eV
peaks are fingerprints of the water “pre-peak” and “main peak”. (b) A comparison of the
O-K sXAS of the surface hydroxyl layer of Mn5O8 with water,[92] ice,[93] and one of the
calculations with aligned H-bonds but lengthened O-O (3.50 and 3.00 Å) distances (Fig.
3A-g in Ref.[93]) (c) Mn L-edge of Mn5O8 (pristine) and Mn5O8 at different electrochemical
cycling stages along with references from MnO (blue) and Li2MnO3 (yellow).
Due to the great sensitivity of the sXAS lineshape to the hydroxyl structure, [92-95] the
O-K spectrum reveals a very interesting molecular arrangement of the hydroxyl groups
on the surface of Mn5O8 electrode. Because the Mn-3d/O-2p hybridization features
between 528 and 534 eV are purely from Mn 5O8 contribution, we can normalize the
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spectral intensity to these features and subtract the Mn5O8 (pristine) signal from the aftercycling data to obtain the surface hydroxyl signal. The spectrum of the obtained surface
hydroxyl signal is plotted in Figure 4.14 b (purple). It is clear that the surface hydroxyl
layer is different from ice, missing the high energy hump from the saturated H-bonds in
ice.[93] It reproduces the “pre-peak” and “main peak” of liquid water,[92, 93] with the “main
peak” at 537.5 eV dominating the spectrum. The enhancement of this main peak has
been predicted by theoretical calculations,[93] which stems from a combination of an
extended O-O distance and perfectly aligned H-bonds along the O-O direction. The
calculation result of the O-O distance of 3.50 Å with such a well aligned H-bond is shown
in Figure 4.14 b for comparison. Therefore, the O-K sXAS not only evidently shows that
a hydroxyl layer is formed on the surface of the Mn 5O8 electrodes after cycling, it also
indicates a striking ordering of the absorbed molecules, with perfectly aligned H-bonds
along O-O direction, like that in ice, but with a much longer distance between the O atoms.
Although the underlying mechanism of the formation of hydroxylated interphase is still
unclear, we believe it is largely due to the interaction between Mn 5O8 surface and water
during the electrochemical cycling since no hydroxylated interphase is observed in the
pristine Mn5O8 material (Figure 4.14 a). Our Density functional theory (DFT) calculations
showed that Mn2+ terminated (100) surface of Mn5O8 has a lower surface energy (0.87
J/m2) than Mn4+ terminated (100) surface (1.80 J/m2). Therefore, the interaction between
Mn2+ and water during the electrochemical cycling might account for the formation of
hydroxylated interphase on the Mn2+ terminated (100) surface of Mn5O8.
Secondly, the charge-storage mechanism is revealed by the Mn L-edge sXAS
measurements (Figure 4.14 c). Mn-L sXAS is a direct probe of the Mn-3d electron states,
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so the spectral lineshape is very sensitive to the normal valence of Mn. [97, 98] Figure 4.14
c shows the Mn L-edge sXAS data collected on the Mn5O8 and the reference samples
with Mn2+ (MnO) and Mn4+ (Li2MnO3) valences. The spectra shows that the Mn5O8
electrode material is composed of Mn4+ (641 and 643.5 eV), Mn2+ (640 eV) and a trace
amount of Mn3+, supporting the coexistence of Mn5O8 phase and trace Mn3O4 phases.
The changes of peak intensity at 640 eV (Mn 2+), 641 eV (Mn4+) and 643.5 eV (Mn4+)
fingerprints the evolution of oxidation states of Mn with cycling. The Mn5O8 electrode at a
reduced state (-1.7 V) displays a high intensity ratio of Mn2+ to Mn4+, while this ratio
decreases at the oxidized state (0.8 V), suggesting the transition from Mn2+ to Mn4+ during
oxidation processes. It is therefore evident that a two-charge transfer reaction via
Mn2+/Mn4+ redox couple can be achieved in the layered Mn5O8 system, indicating a great
potential for high-capacity energy storage.

4.6 DFT CALCULATIONS OF Mn5O8 MATERIAL

Figure 4.15 DFT calculations with the free energy evolution for water splitting steps at
different potentials on surfaces of (a) surface hydroxylated Mn5O8, (b) pure Mn5O8 and (c)
Mn3O4 predicted from DFT.
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The mechanistic understanding of the resistive capability of surface-hydroxylated
Mn5O8 towards HER and OER is obtained through a comparative DFT calculation on the
surfaces of hydroxylated Mn5O8, pure Mn5O8 and Mn3O4.[99-106] The Mn2+ terminated (100)
surface of Mn5O8 is considered for the study, since our calculation predicted that Mn 2+
terminated (100) surface had a lower surface energy (0.87 J/m 2) than Mn4+ terminated
(100) surface (1.80 J/m2). Figure 4.15 compares water splitting at various potential
windows. Nearly all the water splitting steps are energetically unfavorable at zero potential;
at a potential of 1.23 V (equilibrium potential of water splitting), all reaction steps are
exothermic on three surfaces, except for OH dissociation on hydroxylated Mn5O8. The
limiting potential at which all reactions steps become exothermic is determined to be 1.86
V, 1.64 V and 1.68 V for hydroxylated Mn5O8, Mn5O8 and Mn3O4, respectively, indicating
hydroxylated interphase increases the energy barriers for water splitting. The activation
energy of each intermediate reaction steps during the HER and OER on the three
surfaces was showed (Figure 4.16). The activation energy of the rate determining step
is all substantially higher for OER, indicating that OER is intrinsically difficult on all three
surfaces. The activation energy of water dissociation, limiting step of HER, follows the
order of hydroxylated Mn5O8 (1.41 eV) > Mn5O8 (0.45 eV) > Mn3O4 (~ 0 eV). Hydroxylated
Mn5O8 possesses an activation energy approximately 1 eV higher than that of Mn 3O4,
implying that the reaction rate at room temperature (300 K) is at least 17 orders of
magnitude slower according to the Arrhenius equation. Therefore, the DFT calculations
directly support the experimental observation of high overpotential (> 0.6 V) towards HER
and OER for the hydroxylated Mn5O8. It was recently reported that Mn5O8 nanoparticles
showed very good OER activity in a neutral electrolyte in the presence of Mn 3+ species.[107]
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Further studies will be needed to elucidate the influence of Mn valences, such as Mn 3+
(from Mn3O4 or Mn2O3 phase) or Mn2+/Mn4+ (from Mn5O8), on the gas evolution reactions.

Figure 4. 16 The activation energies of intermediate reaction steps of (a) HER and (b)
OER on the (100) surface of surface hydroxylated Mn5O8 (Mn5O8-OH) or as-made Mn5O8
and (101) surface of Mn3O4 (the asterisk symbol denotes the chemical species that are
adsorbed on the surface).

4.7 DISCUSSION AND CONCLUSION
This work shows that an unprecedented potential window of 3.0 V in aqueous Na-ion
system can be achieved through the use of surface hydroxylated Mn5O8 electrodes. Gas
evolution reactions are effectively inhibited through the interplay between the Mn 2+
terminated surface and hydroxylated interphase. Additionally, the superior power
performance of Mn5O8 cell can be attributed to the unique layered, bi-valence structure
of Mn5O8 that enables facile Na-ion transport.
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Figure 4.17 Schematic Na-ion transport through hydroxylated Mn5O8. (a) Side view along
<010> direction and (b) top view along <100> direction of Mn5O8 stacked lattice
demonstrates the alternative arrangement of layered Mn4+ (purple) and Mn2+ (blue) atoms.
Na-ion (grey) transport can be achieved from the pathway along empty sites along <100>
direction as marked in black arrows, and can be achieved from electrostatic interaction
with the hydroxylated interphase (-OH) which is marked with in a red arrow.
In general, the ion transport through the electrode and electrolyte interface is critical
for the rate performance of energy storage devices. Typical approaches to mitigate the
transport barrier include decreasing the dimension of electrode materials to nanoscale,
designing functional layered structure for facile ion intercalation, coating secondary
conductive material on electrode surface, or developing cation-disordered electrode
materials with decreased energy barrier for ion transport. [13, 56, 60, 69, 73] Mn2+ terminated
(100) surface of Mn5O8 has plenty of unoccupied sites, and hence provides natural
tunnels for Na-ion transport along <100> direction (black arrows) (Figure 4.17). Through
the surface-sensitive soft x-ray spectroscopy, we also reveal the formation of a strikingly
ordered ice-like surface hydroxyl layer but with much longer O-O distance after cycling. It
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is also possible that such a hydroxylated coating on the surface of Mn 5O8 modifies the
interaction between Na-ion with Mn5O8 by facilitating the electrostatic interaction between
Na-ion and hydroxyl oxygen (red arrow). Although the electrochemical properties of
Mn5O8 have been largely overlooked since its structure was determined in 1965, our
result shows that Mn5O8, the only bivalence layered manganese oxide, can serve as a
new generation of pseudocapacitor electrode materials for enabling a stable potential
window of 3.0 V for aqueous energy storage.
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CHAPTER 5
SUMMARY
In this work, we synthesized various manganese oxide based electrode materials, with
objectives to enhance their specific capacity and expand the workable potential window
for aqueous sodium-ion electrochemical energy storage, and therefore lead to an
improved the energy density of the resulting electrochemical energy storage device.
We first discovered that the specific capacity of manganese oxides material for
aqueous Na-ion storage could be improved via the generation of Co-Mn oxide spinel
phase and MnO2 layered phase resulted from cobalt doping. By combining a diffusionlimited redox spinel phase (Co0.83Mn0.13Va0.04)tetra(Co0.38Mn1.62)octaO3.72 with a capacitive
layered phase MnO2H2O birnessite favors fast ionic transport with negligible structural
deformation, the bi-phase Co-Mn-O electrode materials realized an increased storage
capacity while maintaining long cycling life and high rate performance compared with pure
manganese oxides. Complementary characterization techniques including TEM, EDXS,
X-ray and neutron PDF were used to identify the structural details. Moreover, electrokinetic analyses and in-situ XRD measurements showed that the cation disorder in spinel
phase largely increased the diffusion-limited redox capacity, while layered phase
increased the capacitive capacity. The distinct and reversible crystalline structure
evolution during charge and discharge process demonstrated Co-Mn-O electrode with
high redox activity. This study provided insight on the design of cobalt doped manganese
oxides for the enhanced Na-ion storage capacity in aqueous electrolytes. In future, the
doping of other transitional elements such as Ni could be also very promising to further
increase electrochemical performance of manganese oxides.
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The potential window for aqueous Na-ion storage could be expanded by using the
innovative

Mn5O8

material

with

a

hydroxylated

interphase.

Electrochemical

measurements of Mn5O8 electrode exhibited a high potential window of 2.5 V in half cell
and 3.0 V in a symmetric full cell. A combination of surface sensitive technique sXAS and
DFT tools showed that the cycled Mn5O8 had an ice-like well-ordered hydroxylated
interphase on surface, which resulted in a high resistance to gas evolution reactions(e.g.,
HER and OER), and therefore, a large potential window in aqueous solution could be
achieved with a high storage capacity and an excellent energy density. These findings
offer a new paradigm for developing electrode materials with a wide potential window and
facile charge transfer for aqueous energy storage devices, which exhibit comparable
performance to that of non-aqueous Li-ion batteries, but is safer and more
environmentally benign. In addition, it will be an interesting topic for further studies on
whether and how a well-ordered hydroxylated interphase could form on the surface of
other metal oxides, and any new approach which enables to expand the potential window
in aqueous. Therefore, the energy density of aqueous EES can be greatly improved.
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APPENDICES
DFT Calculations Methods
The reaction free energies and activation energies for hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) on the (100) surface of
Mn5O8 with and without hydroxylated layer were calculated using the first
principles density functional theory (DFT) method. For the calculation of
water splitting at various electrochemical potential windows, the following
steps were considered:
𝑎 1
𝑏
𝑐 1
1
1
1
1
H2 O →  OH ∗ + H2 O + (H + + 𝑒) → O∗ + H2 O + (H + + 𝑒) →  𝑂𝑂𝐻∗
2
2
2
2
2
2
𝑑 1
3
+ (𝐻+ + 𝑒)  →  𝑂2 + 2(𝐻+ + 𝑒)
2
2

The reaction kinetics on the (100) surface of Mn5O8 with and without OH
adsorption were investigated by calculating the reaction activation energy of
each intermediate reaction step. On all the surfaces, we assume that the
reaction mechanism of HER is surface hydrogen association while the
reaction mechanism of OER is surface OOH intermediate reaction. For both
HER and OER, the activation energy of water adsorption was ignored since
the negative adsorption energy of water -0.87 eV on both surfaces indicates
that water can be easily adsorbed onto the surface. We also ignored the
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activation energy of the combination of surface hydrogen and the
dissociation of OOH for these reactions are usually not rate determining.
All the spin-polarised DFT calculations were performed using Vienna Abinitio Simulation Package (VASP). Project augment wave (PAW) method
was used to describe the interaction between the ion and valence electrons.
The exchange-correlation functional developed by Perdew, Burke and
Ernzerhof (PBE) was used. The energy cutoff of all the calculations was set
to be 400 eV as suggested by Franchini et al. In addition, PBE+U method
following the approach of Dudarev was used to describe the correlation
between the d electrons of Mn. The U value was set as 4 eV as suggested
by Wang et al. Furthermore, the transition state of all the relevant reactions
on the surfaces were calculated by climb-image nudged-elastic band (CINEB)
method, in which all the force components both along and perpendicular to
the tangent of the reaction path were relaxed to be less than 0.05 eV Å-1.
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